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ANNOTATION

This volume presents results of studies of the physical and

mechanical properties of constructional materials in vacuum at

low and high temperatures. We examine the peculiarities of the

processes of friction and wear, metal failure under short-term

static and long-term alternating loads in conditions similar to

those of space. Equipment is described which makes it possible

to carry out the technological operations of metal melting

welding, brazing, and vacuum deposition under conditions simu-.;:

lating space. We solve the problems of unsteady heat transport

and heat transfer for bodies of different shape in space; these

solutions may be used for thermal and strength calculations of

spacecraft structure and thermal protection.

While directed toward slcientists, the volume may be useful

to engineers and technicians, designers, and also students in

the upper divisions.
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FROM THE EDITORS

The study and development of regions of the Universe near

the Earth and those more distant is one of the urgent modern

problems of natural science. The new information on the struc-

ture and properties of space surrounding the Eartlh which has

been obtained by automatic and manned vehicles is expanding the

theoretical basis for material production, facilitating more

complete development of the riches of nature, and advancing many

fields of science and engineering. Space studies are contri-

buting to the improvement of global communications and telecom-

munication facilities. The creation of the means for conquest

of space leads to the necessity for carring out a broad range

of.studies and improving industrial production. The creation

of orbital space labs and vehicles for landing on the Moon,

Venus, and Mars required the development of a highly diversified

industry and the practical application of all the latest achieve-

ments of mechanics, materials science, and electronics. Launch-

ing of crews into space voyages lasting several days stimulated

the development of biology and medicine,

Space studies are complex operations in regard to technique

and methodology and require integration of the efforts of

scientists of various specialities - physicists, chemists,

mechanicians, astronmers, biologists, doctors, and so on.

Extensive work in this field is being carried out in the Ukraine.

Research on integrated study of the properties of space matter

and the magnetic, radiation, and thermal fields and processes

in the universe are being carried out at the Academy of Sciences

of the UkSSR, in the departments and laboratories of the univer-

sities, and in various scientific and engineering organizations.
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Studies are being made of the behavior of various substances and

materials, the efficiency of mechanisms and instruments, the life

activity of organisms subjected to weightlessness, active media,

and superlow.temperatures. New equipment is being developed for

space studies and remote and direct measurement methods are being

evolved. The data obtained as .a result of theoretical and experi-

mental studies are analyzed, new relationships are identified,

and the directions for further study are determined.

The Commission on Space Studies of the Academy of Sciences

of the UkSSR was created in 1968 to correlate space study acti-

vities in the Ukraine, coordinate the activity of the institutes,

universities, departments, laboratories, and individual special-

ists in order to resolve the most urgent problems. This commis-

sion included the leading scientists and specialists. The

commission has correlated space study activities in the Ukraine

and gathered data concerning the direction and results of solu-

tion of important. individual problems. This commission cooperates

closely with the Commission on Study and Use of Outer Space of

the Academy of Sciences of the USSR, the Intercosmos Commission,

and the Institute of Space Problems of the Academy of Sciences

of the USSR.

The present volume presents, in a systematized format, the

most interesting and scientifically practically important

results of recent studies in astrophysics, geophysics, helio-

physics, space mechanics and control systems, radioastronomy,

space materials science, and.thermophysics performed in the

scientific establishments of the Ukraine.

The first volumes of the collection include studies devoted

to theoretical questions of the spacecraft dynamics and space-

craft navigation and control, The peculiarities of the physical
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and chemical properites of metals in vacuum at superlow tempera-

tures are examined. Important articles are devoted to questions

of space technology - metal melting, welding, and vacuum depos-

ition, and metal casting under weightlessness and high vacuum

conditions. The thermophysics of the processes of spacecraft

interaction with the surrounditg medium is investigated, Methods

are developed for calculating the hydrodynamic and heat exchange

processes which take place during filling, pressurizing, and

emptying of cryogenic vessels. The questions of radiative heat-

ing and cooling under space conditions and calculation od the

thermal stresses in spacecraft structures are examined.

Several articles cover the study of solar-terrestrial

relationships and heliophysics and radiophysical study of space

near the Earth. A general survey is given of the activity of

the astronomical observatory of Kharkov State University, the

leading center of planetary astrophysics in the Soviet Union,

The studies on space biology and medicine published here

are of considerable interest. These studies examine the extremal

effects on the human organism of factors encountered in space

flight and investigate the possibilities for water conservation

and regeneration and algae cultivation in closed systems.

Beginning with the first volume and continuing in the future,

we intend to publish articles in individual thematic volumes

directed toward a definite circle of specialists. The articles

on space studies in the Ukraine published in 1973 have been

combined into four thematic volumes: Space Material Science and

Technology, Space Mechanics and Control Systems, Space Physics

and Astronomy, and Space Biology and Medicine,

The volumes will be published systematically in the future

as more data are accumulated.
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The Commission on Space Studies of the AS UkSSR and the

editorial board of the collection "Space Studies in the Ukraine"

believe that the data being published will aid in improving the

coordination of scientific studies in space and will also inform

scientific and industrial personnel and all specialists interested

in questions of outer space development on the trends and results

of studies conducted in this important scientific field.

-- G. S. Pisarenko, Academician of the AS UkSSR
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STAND FOR STUDYING TECHNOLOGICAL PROCESSES

UNDER CONDITIONS SIMULATING SPACE

B. Ye. Paton, V. Ye. Paton, D. A. Dudko, V. N. Bernadskiy,
G. P. Dubenko, V. F. Lapchinskiy, V. V. Stesin,

A. A. Zagrebel'nyy, Yu. N. Lankin, Yu. A. Masalov,
O. S. Tsygankov and V. M. Boychuk

A test stand for conducting processing experiments under
conditions simulating space is described. The stand was developed
at the Ye. O. Paton Electric Welding Institute of the UkSSR.
The most important units of the stand are discussed. Tests of
the stand and research studies using the stand showed that it is
a reliable and universal research facility and makes it possible
to study processes such as metal melting, welding, and deposition.

The ever-expanding space study front raises as one of the /5*

important problems, that of performing in space various techno-

logical operations (melting of metals, welding, vacuum deposi-

tion, casting of various detail parts, growing of monocrystals,

and so on). This problem is particularly importaht at the present

time, when programs to create permanent orbital scientific

laboratories are being carried out both in the USSR and abroad,

Any scientific experiment in space, including a technological

experiment, requires careful preparation on the Earth and this

preparation is the more effective the more nearly we are able to

simulate space conditions - weightlessness, hard vacuum, and

the unique thermal regime of the object under study and the

experimental installations [1]. A stand for conducting techno-

logical experiments under conditions simulating those of space

was constructed for the first time at the E. O. Paton Electric

Welding Institute of the Academy of Sciences of the UkSSR. In

*Numbers in the margin indicate pagination of foreign text,
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designing the stand, the problem was posed of simulating the

first two conditions, assuming that, if necessary, the experiment

thermal regime could be established with the aid of thermal

regulating devices.

The basic difficulties in developing such a stand are

associated primarily with the fact that it must satisfy at a

minimum the following requirements

1. In conjunction with a flying laboratory, it must permit

repeated operation under short-term weightless conditions,

2. It must simulate, for a period of one to two hours, the

vacuum characteristic of the space surrounding the orbital manned

spacecraft.

3. While being self-contained, it must have minimal weight

and size and maximal reliability.

4. It must provide the greatest possible flexibility with

a view to performing various technological experiments, particu-

larly in regard to welding, vacuum deposition, and cutting of

metals.

5. It must have equipment for reliable recording of the

progress of the experiments.

6. It must provide reliable restraint of the operator

relative to the stand with maximal convenience in control and

observation of the experiment.

In addition, the stand must meet the requirements imposed

on test equipment installed aboard flying laboratories. The

solution of these problems is best examined by considering the

most important individual functional units of the stand.

2
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Figure 1. Working chamber with high-vacuum evacuation system.

The working chamber 1 with interchangeable technological

systems is a stainless steel vacuum-tight cylindrical vessel

500 mm in diameter, capacity about 100 liters with spherical

bottom and spherical hinged cover 2 (Figure 1). The chamber

body is equipped with a neck 8 for connection to the high-vacuum

pumping unit 7, vacuum valve 10, sealed feedthrough 9 for trans-

mission of rotation onto the chamber, and ports 6 for observation

and taking movies. The hinged chamber cover has a neck 5 with

bellows compensator for installing the interchangeable techno-

logical systems, ports 3 for taking movies, and sealed feedthrough

4 for the pressure sensors.

The chamber is equipped for installation of various heat /6

sources (electron beam, plasma, and consumable-electrode arc) of

about 1 kVA power, which permit performing welding, vacuum deposi-

tion, and melting of small metal volumes. Each of these systems

is miniaturized and capable of operating reliably in vacuum.
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On the bottom of the chamber

(Figure 2), there is located the

object table, which permits the

installation of either specimens

to be welded or crucibles for

melting metals or vacuum deposi-

tion, as desired, The table can

be rotated at various speeds

around the vertical axis, thereby

providing displacement of the

specimens being welded relative

to the heat source.

The vacuum pumping system

(Figure 3), consisting of the

roughing pump 1 and special high-

vacuum pumping unit 2, is used to

Figure 2. Working chamber create and maintain the required

with cover open. vacuum in the working chamber.

The roughing unit consists of a

SFT VN-2 mechanical pump with 36 V

motor equipped with nitrogen trap

and vacuum valve. It functions

only during ground preflight

preparation and is fed from the

airfield alternating current

network.

Considerable difficulty arose

in selecting the high vacuum unit.

Vapor jet pumps are not suitable

Figure 3. Schematic of test for operation under high load

stand vacuum pumping system. factor and weightless conditions.
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Figure 4. General view of test stand.

Ion sorption, molecular, and electro-discharge high-vacuum pumps

cannot be used since they are heavy and bulky. Therefore, the

Physico-Technical Institute of Low Temperatures (FTINT) of the /7

AS UkSSR developed a special combined adsorption-getter high-

vacuum pump for the test stand, in which activated charcoal

cooled by liquid nitrogen is used to absorb argon and air,

freshly deposited titanium film is used to absorb hydrogen, and

a notrigen trap is used to freeze out the water vapor and carbon

dioxide.

The limiting system vacuum is (1 - 3)10-7tor. A pressure
-5 -6

in the range of 5 " 10- 5 - 10- 6 tor is maintained in the working

chamber in the course of the experiment, depending on the test

conditions. This high vacuum system does not require electric

power during operation, which is a considerable advantage under

flying laboratory conditions.
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The test stand is equipped with a recording system (Figure

4) to record the progress of the experiments. The experimental

conditions are recorded by a K-12-21 12-channel oscillograph 5

which records the indications of the vacuum and load factor

sensors and also the voltage, current, and several other process

parameters. Throughout the entire experiment, movies are taken

of the working zone using an AKS-2 movie camera 3 (film width

35 mm, frame frequency 24 frames per second, power from aircraft

27 V dc source). The phenomena of most interest are recorded by

two SKS-lM high-speed movie cameras 1 (film width 16 mm, 300 to /8

5000 frames per second, power supplied from special source which

is part of the combined test stand). A special illuminator 4 is

provided for taking movies,

The possibility of space-time analysis is provided by the

presence in the working zone of scale.markers and time markers

which are recorded synchronously on the oscillogram and movie

film. The timing markers operate on two fixed frequencies --

1.2 and 10 Hz [2].

The test stand controls are mounted in several interchange-

able functional blocks and on the control panel. The general

control 9, instrumentation 8, and power supply 7 blocks operate

continuously during all technological process testing, The

control blocks 6 for each technological process are interchange-

able. The system is controlled from the special panel 2. The

maximal possible control automation is provided to facilitate

operate functioning in flight. As a rule, the operator need only

perform initial activation of the system and activation of the

high-speed movie cameras to conduct the experiment, all the

remaining operations are performed automatically, The operator

can alter the test conditions in the course of the experiment,
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Figure 5. Arrangement of the test stand in the flying laboratory
cabin.

The arrangement of the test stand in the flying laboratory

cabin (Figure 5) is determined by the specific experimental

conditions. The work stations of the operator and his assistant

are located opposite the central illuminator of the working

chamber, below which the control panel is mounted on a frame.

The station is equipped with a table for writing notes, recep-

tacle for film cassettes, leg straps and seat belt to restrain

the operator's body. For convenience of reloading in flight,

the SKS-lM movie cameras are located to the right of the operator

and the AKS-2 movie camera and oscillograph are located to his

left. The stand, as installed in the flying laboratory cabin,

has dimensions of 2000 x 1450 x 1300 mm and weighs 550 kg,
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The test stand made it possible to perform many important

studies concerning the development of various technological

processes in application to space conditions. We investigated /9

the basic relations governing welding and cutting of thin metal

sheets and demonstrated the possibility, in principle, of

melting small volumes of metal and vacuum deposition of metallic

coatings under weightless conditions. Extensive experience in

operating the stand confirmed completely the correctness of the

basic engineering solutions adopted in its development. The

presence of the bellows-type sealed feedthrough for installing

the interchangeable technological systems makes it possible to

recommend the stand for studying extremely varied technological

processes. For example, with only slight structural modifications,

the stand can be adapted for studying the processes of metal

cutting, precision casting, and other operations in vacuum and

weightlessness.

REFERENCES

1. Paton, B. Ye., and V. N. Kubasov, Avtomaticheskaya svarka,
No. 5, 1970.

2. Masalov, Yu. A., Yu. N. Lankin, and D, A, Sheykovskiy,
Avtomaticheskiaya svarka, Vol. 3, 1968,
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STUDY OF THE POSSIBILITY OF USING SOLAR RADIANT ENERGY

FOR WELDING AND BRAZING METALS

V. S. Dvernyakov, I. N. Frantsevich, V. V. Pasichnyy,
N. A. Shiganov, Yu. I. Korunov and I. Ye. Kasich-Pilipenko

An analysis is made of the solar spectrum comparison at the
surface of the Earth, a facility for creating concentrated solar
radiant energy flux is described, and data on its energetic capa-
bilities are presented. The technology of solar welding by the
fusion technique using the diffusion phenomenon and also joining
by high-temperature brazing are examined. The use of concentrated
solar radiant energy for welding and brazing metals and alloys
is shown, using as examples the stainless (Crl8NilOTi) and titanium
(OT4) alloys, and results of mechanical tests and microscopic
and macroscopic studies are presented.

The use of concentrated solar energy for performing several /9

technological operations (welding, brazing, and so on) is of

tremendous interest, both in the Soviet Union and abroad,

In this connection, we have studied the possibility and

effectiveness of using solar radiant energy to obtain permanent

bonds of various metals. The possibility of obtaining welded and

brazed joints under space conditions, where favorable natural

factors are present, was found to be promising.

A special solar furnace SGU-5 (Figure 1) has been designed

and constructed at the Institute of Material Science Problems of

the AS UkSSR in order to simulate, under terrestrial conditions,

the processes of solar welding, brazing, and heat treatment, and

also in order to resolve many questions which may arise under

space conditions.

As is well known, more than. 99% of all the energy radiated

by the Sun falls in the spectral interval A 0.1 - 4 p. Solar

radiation is termed shortwave :in contrast with the infrared

(longwave) radiation of the Earth and atmosphere, Observations

show that the solar radiation reaching the surface of the Earth

9



Figure 1. Schematic of SGU-5 system.

1- concentrator; 2- power regulator; 3- diaphragm; 4, quartz
glass; 5- vacuum chamber; 6- specimen; 7- sepcimen rotation
motor; 8- vacuum unit; 9- inflow system;. 10- monitoring
instruments.

cuts off abruptly at a wavelength of about 0.3 P, which is

explained by absorption of the solar spectrum by ozone, The

primary oxygen absorption bands lie in the far UV region C =

0.13 - 0.24 v).

With the Sun at the zenith,4% of all solar radiation is UV,

46% is visible, 50% is IR; With the Sun 300 above the horizon

the percentages are 3, 44, and 53%, respectively, With the Sun

on the horizon, there is no UV radiation and the entire flux

consists of visible (28%) and IR (72%) radiation,

The magnitude of the thermal flux density and temperature

in the focal volume of the solar furnace are influenced by: a)

mirror surface reflectivity (usually Rm = 0,8 for new mirrors

and Rm = 0.5 for old); b) mirror optical precision h; c) mirror

angular aperture a; d) degree of concentration C; e) direct

solar radiation intensity P ; f) Sun tracking accuracy (diffuse-

ness of the focal spot).
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We used the paraboloid of a military projector unit as the /10

radiant energy concentrator in the system; the paraboloid had the

following parameters:

Diameter D, m 2

Focal length f, mm 850

Aperture angle a, deg i  120

Theoretical focal spot
diameter d, mm 8.4

Mirror surface reflec-
tivity, Rm 0.8

Fabrication accuracy h 4

For normal solar radiation 1 cal/cm2/min, the concentrator

provides about 20,000 cal/cm2/min at the focal spot with diameter

8 mm. With this radiant flux density, the blackbody temperature

equivalent to the energy in the focal spot exceeds 35000 K,

The vacuum system consists of a vacuum chamber and evacuation

unit. The vacuum chamber is equipped with a quartz glass cover

whose external shape is the same as that of the chamber to reduce

reflection losses. The chamber is mounted on the optical axis

of the paraboloid in its focal plane with the aid of radial rods.

The chamber contains a water-cooled interchangeable diaphragm,

mechanism for holding and rotating the specimen with alignment

of the edge being welded in the focal plane, and sensors for

monitoring vacuum and temperature.

The interchangeable water-cooled diaphragms limit the radiant

flux cross section area, passing the central portion, This

reduces the overall thermal flux, narrows the zone of thermal

flux distribution over the specimen, and ensures supply of the

most highly concentrated radiant flux to the edges being welded,

11



The VA-05-4 vacuum unit consists of the VN-2 oil forevacuum

pump and the N5S vapor jet pump. The unit is mounted on the

projector frame;and connected with the vacuum chamber by )tubes,

coupling, and bellows. The vacuum system provides 10- 4 mm Hg in
-.3

the welding chamber and maintains the vacuum in the 10 mm Hg

range during the ten minute welding period.

The vacuum chamber can also be used for welding in a 11

controlled atmosphere (in inert or active gases or in mixtures

of inert and active gases, which are fed into the chamber under

some differential pressure). In this case, the vacuum unit is

disconnected and blocked off.

The specimen mount provides for rotation of cylindrical

specimens 50 mm in diameter and 70 mm long. The electric drive

mechanism isi located on the container case, The rotation rate

is regulated continuously in the range from 0,2 to 1 rpm, which,

for a 50 mm specimen diameter, provides movement of the edges

being welded at a speed of 1.8 to 9 .4 meters per hour.

The unit is equipped with instrumentation to measure solar

radiation, specimen temperature, and vacuum level, It is equipped

with a system for automatic Sun tracking with an accuracy of

+ 10 angular minutes. The system is of the azimuth-zenith type

with separate drive for rotating the reflector around the vertical

and horizontal axes and consists of the following components:

1) electric power supply; 2) sensor unit; 3) electronic and

electromagnetic amplifiers; 4) electric drive.

The input radiant flux power and degree of concentration

were varied by special devices - interchangeable cooled dia-

phragms and a screening cylinder. The flux density variation

range can be varied over quite wide limits depending on the

12



b

Figure 3. External view of
c specimen after pressure

Figure 2. Preparation of welding.

specimens for pressure
welding (a), flux brazing
(b), and diffusion welding problem posed: welding, brazing,(b), and diffusion welding

(c). solid state diffusion welding,

local heat treatment.

The radiant thermal fluxes were measured by a water-cooled

calorimeter. The calorimetric measurement technique was

described in detail in [1, 2]. The measurement errors obtained

with a calorimeter of this type are + 5 [2].

The thermal characteristics were obtained using air, Since

the welding and brazing experiments using SGU-5 are made in a

vacuum chamber with optically transparent glass which scatters

part of the incoming energy, an evaluation was made of these

losses. The measurements showed that the use of hemispherical

pure quartz, molybdenum, and pyrex glasses 2 - 5 mm thick

reduce the radient flux by 18 -- 20%,

13



We must remember that, during the welding process, the

products of condensation deposit on the inner surface of the

glass and reduce its optical properties markedly. For example,

measurements showed that quartz glass absorbs up to 50% of the

energy after operating for five minutes while welding iCrl8NilOTi

steel specimens. Upon longer operation (more than 8 - .l0ymin),/12

the amount of energy transmitted by the glass becomes negligible.

The welding and brazing processes were studied using

lCrl8NilOTi steel and OT-4 titanium alloy annular closed locked

joints of universal tubular specimens 50 mm in diameter. Figure

2). Welding was accomplished without added material along a

flange of variable thickness in the overhead position. Prior

to welding, the chamber was evacuated to 10- 2 - 10 - 3 mm Hg,
during welding the pressure increased somewhat, Depending on the

flange thickness and nature of the material, the welding speed

varied from 0.7 to 3.5 meters/hour, It was found that concen-

trated solar rays make it possible to melt and weld steel and

titanium alloy with solar radiation P0 = 0.04 W/cm 2 and diaphragm

opening diameter 12 mm, i.e., with thermal flux density about 3001 /13

W/cm2 . Under outer space conditions, i.e., in the absence of

atmosphere and cloud cover, when the Sun's radiant energy inten-

sity is more than 0.14 W/cm2 , the 300 W/cm 2 intensity can be

obtained with considerably smaller focusing mirror than under

our experimental conditions. This creates a favorable basis for

developing a compact system for welding and brazing under space

conditions.

Visual operation of the weld metal melting process showed

that the process proceeds without splashing, the weld puddle is

quiet with mirror-like surface, the seam does not have the

craters which are characteristic of other fusion welding

techniques. The absence of craters and excess metal at the point

where welding terminates makes it possible to close circular
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Figure 4. Macrostructure of lCrl8NlOTi alloy welded joints
(flange 2 mm, radiation 0.065 W/cm , v = 1,6 m/hour (a);
flange 2 mm, radiation 0.085 W/cm 2, v = 0.9 m/hour (b); without
flange, radiation 0.08 W/cm 2 , v = 0. m/hour (c); and OT-4
alloy (flange 3 mm, radiation 0.07 W/cm 2, vw = 1.6 m/hour (d).

seams without using any special techniques for regulating the

input thermal power.
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The outer surface of steel and titanium alloy welded joints

is smooth if specimen movement is uniform (Figure 3), Although

the welding was done in the overhead suspended position, this

did not influence the weld seam formation quality. Figure 4

showed macrostructures of lCrl8Nil0Ti and bT-4 alloy welded joints

with total flange thickness 2 mm and the structure of a butt-

welded lCrl8NilOTi alloy joint without flange (thickness 2.5 mm).

Pneumatic and hydraulic tests and also metallographic studies

and x-raying showed that the seam metal is dense without any

internal defects. In regard to strength and structure of the

seam and the heat-affected zone, the lCrl8Nil0Ti alloy welded

joints made by solar welding are similar to the joints made by

argon-arc welding. However, the width of the heat-affected

zones of the solar welded joints is considerably greater in

comparison with the joints made by argon-arc and electron-beam

welding (Figure 5).

The strength of the Crl8NilOTialloy welded joints is

50 kgmm2 , i.e., 90% of the parent metal strength.

The OT-4 alloy welded seam has a structure of equi-axed

a + B solid solution crystals. The microhardness of the welded

joint, measured across the entire plane of the section, is

practically the same (230 - 265 H ). The strength of the OT-4

alloy welded joints is 73 kgf/cm , which is 90% of the parent

metal strength.

One technique for joining metals in space which can be

performed by solar heating is diffusion welding. Diffusion

welding was carried out on OT-4 alloy specimens with low solar

radiation, equal to 0.03 W/cm 2 , at which the thermal flux density
2

on the specimen was only 200 W/cm. The pressure on the surfaces

being-welded was 0.4 kgf/cm 2
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Figure 5. Width of heat-
affected zone of lCrl8NilOTi
alloy welded joints for
different welding techniques.

I- concentrated solar energy;
II- argon arc welding; III- Figure 6, External view of
electron beam welding. brazed Crl8Nil0Ti alloy joint

(PsrMNTs-38 brazing solder,
radiation 0.03 W/cm 2 ).

The results of the weld /14

joint property and microstructure study indicate the theoretical

possibility of obtaining high quality bonds by solid state

welding.

High temperature brazing was performed on the Crl8Nil0Ti

alloy using the PsrMNTs-38 brazing solder by a defocused beam

with direct solar radiation 0.03 W/cm 2 . The velocity of the

edges being welded was 1.6 meters/hour. Prior to brazing, the

edges of the joint were coated with a (6 - 8)p thick galvano-

nickel layer. The brazing solder was placed in the joint between

the flanges. Termination of the brazing process was determined

visually on the basis of melting of the brazing solder (Figure

6). Study of the seam structure and mechanical properties showed

that the brazed joint quality is equivalent to that of joints

made using the brazing techniques customary at the present time

in industry (furnace brazing, gas torch brazing, and so on).
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Studies on use of concentrated solar energy as a heating

source for welding and brazing indicate that the use of these

methods is promising under both terrestrial and, particularly,

space conditions.
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SERVICE LIFE OF METALS AT LOW TEMPERATURES

B. I. Verkin, I. M. Lyubarskiy, N. M. Grinberg,

and L. F. Yakovenko

Current concepts of the nature of fatigue failure at low

temperatures are presented on the basis of experimental results

of various investigators. We examine the fundamental approach

to the technique for studying low-temperature fatigue and confirm

the. necessity for using the same medium at different fatigue

test temperatures and also the necessity for taking into account

the magnitude of the plastic deformation amplitude. Experimental

data of the authors from study of the influence of low temperatures

(down to liquid nitrogen temperatures) on the fatigue life of

copper and armco-iron in dry air over a wide range of deforma-

tions are presented. These results are compared with microscopic

and electron microscopic pictures of the surface of the-deformed

specimens.

Exploration of outer space raises the problem of providing /14

for reliability and long operating life of mechanisms and devices

subjected to long term variable loads under these conditions.

An essential part of this problem is fatigue failure of metals

under low temperature conditions. In this regard, investigators

are faced with two types of problems which are intimately related

with one another: first, selection of materials which ensure the

required operating life under the given conditions and creating

methods for evaluating their efficiency; and second, study of

the general governing laws and mechanisms of the fatigue process

at low temperatures.

To date, most of the studies of fatigue failure at .low

temperatures contain data of a handbook nature on the temperature

dependence of the fatigue limit or restricted fatigue limit for

liquid nitrogen, hydrogen, and helium temperatures,. These studies

have been conducted on a series of constructional and austenitic

steels [1, 2], aluminum [1, 31, magnesium [1, 3], and titanium

[4, 5, 6] alloys, and also on some pure metals Cu, Ag, Au, Mg,

Zn, Fe and others E71. The result of the studies is the conclu-

sion that, for most of the metals and alloys, the resistance to
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fatigue fracture increases with reduction of the temperature to

4.20 K, while Fe and Zn are expcetions to this rule, since they

fail in a brittle fashion at 4.2' K [71.

Usually the fatigue life increase at low temperatures is

associated with increase of the static strength under these

conditions [1 - 7]. However, there is not a unique relation

between the fatigue limit increase and the ultimate strength

increase [7]. For example, for Cu, Ag, Au, and Cd, the ratio

of these characteristics has a maximal value in the temperature /15
region 1000 K. This indicates that the damage accumulation

process under cyclic deformation is determined by different

factors than under static loading,

Consequently, when studying the reasons for the endurance

increase in the case of fatigue fracture, it is necessary to.
determine the characteristics and mechanism of the processes which
take place during cyclic loading. In addition, increase of the
static characteristics does not always take place with reduction
of the temperature. In recent years,.it has been found that the
static characteristics of certain metals are independent of
temperature at temperatures of 78 - 1.30 K. We even observe

reduction of the yield point of polycrystals or the critical

shear stress of monocrystals with reduction of the temperature.

This phenomenon has been found in metals with different lattice

type: Cu [8], Pb [9], W [10], Nb [11] and others, In this

connection, we note that most of the fatigue fracture studies
at low temperatures, including those cited above, have a
significant procedural drawback, As a rule, the low temperature
experiments have been conducted by immersing the specimens in a
cooling fluid (nitrogen, hydrogen, helium). When comparing such
results with the data obtained at room temperature in air, no
account is taken of the different influence on the metal of each
of these media. The cooling liquids insulate the specimen from
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atmospheric oxygen similar to a vacuum. Therefore, increase of

the fatigue life in liquid nitrogen in comparison with the

fatigue life under atmospheric conditions may take place because

of two factors: temperature reduction and less influence of the

medium.

This fact was first noted by Holt and Backofen [12], who

conducted experiments in liquid nitrogen and helium and attempted

to separate the effects of ambient medium and temperature influ-

ence on fatigue life of Cu and Cu-8% Al alloy. In accounting for

the influence of the medium, they utilized the idea prevalent in

the literature that the reduction of the oxygen partial pressure

is associated only with slowing of the crack growth rate and

has no influence on structure formation. At the same time, the

fatigue life increase from temperature reduction was associated

with substructure change - reduced formation of dislocation

loops and grain subboundaries. They showed that the fatigue life

of Cu and Cu-8% Al increases by 1,6 and 4 times, respectively,

while withreduction of chemisorption, the life increases by 15

times.

Although the idea of separating the temperature and environ-

ment effects is correct, Holt and Backofen used inadequately

justified assumptions. Recent studies 113, 14] have shown that

the vacuum influence leads, in turn, to change of the substruc-

ture: the fatigue life increase is accompanied by change of the

nature of the plastic deformation distribution. The coarse

localized slip bands characteristic for deformation under atmo-

spheric conditions are replaced upon pressure reduction by fine,

densely distrubuted slip bands. Moreover, it has been found [15]

that the influence of vacuum on Cu fatigue life is more signifi-

cant in the initial stages of the fatigue process than in the

crack propagation period.

'21



Thus, when conducting experiments under different tempera-

ture conditions and in different media, it is impossible to

evaluate uniquely the action of one of these factors, In order

to obtain reliable data on the temperature influence, comparative

tests must be conducted in an identical controllable medium,

Such media may be dry air (at not too low temperatures) or

vacuum. In order to evaluate the influence of low temperatures,

we must consider the very complex influence of vacuum on fatigue

life and the plastic deformation accumulation process 113 -- 15],

In such experiments, cooling of the specimens must be accomplished

by heat removal into a vessel filled with a cryogenic liquid,

This low temperature test technique is also of interest because

of the fact that it permits better simulation of the actual con- /16

ditions to which the actual components and parts of machines are

exposed. The facilities for studying low temperature fatigue

constructed at FTINT AS UkSSR [16 - 18] are based on this

principle. They make it possible to study the characteristics

of metals under cyclic bending, torsion, and tension-compression

at room and low temperatures and in vacuum down to 10-9 mm Hg.

In the torsion and tension-compression setups, cooling is

accomplished to liquid nitrogen temperature, while in the bending

setup, cooling is provided to approximately liquid hydrogen

temperature. To accomplish this, a flexible cooling line con-

nected with vessels which are filled with the cryogenic liquid

is attached to the inactive portion of the specimen. The

condition of maintaining the same medium at different test

temperatures has been satisfied in the design of several other

Soviet testing machines E19, 20].

In order to study the processes taking place during low

temperature fatigue, it is necessary to resolve procedurally

still another important problem which is not usually given ade -

quate attention. This problem is associated with the fact that,
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upon temperature reduction, for the same total deformation

magnitude, the plastic component fraction decreases because of

elastic deformation fraction increase. Therefore, we must bear

in mind that comparison of data obtained at different tempera-

tures must be made with account for the magnitude of the plastic

deformation per cycle. Otherwise, changes of the fatigue life,

structure, dislocation structure, and other factors can always

take place because of the different plastic deformation

amplitude. For example, in the study by Hull 125], experiments

at temperatures from room to liquid hielium were conducted under

different stresses and the plastic deformation magnitude was not

known. This makes it difficult to interpret the reasons for

the phenomenon discovered by Hull - change slip band appearance

with reduction of the temperature.

Laird and Krause [22], studying the temperature dependence

of the fatigue life of copper and copper-aluminum alloy in

vacuum, came to the conclusion that low temperature increases

the fatigue life of these metals by factors of five and eight,

respectively. They associate this fatigue life increase at low

temperatures with slip homogenization. However, the magnitude

of the plastic deformation is not known in this case, The slip

homogenization may also be associated with the lower magnitude

of the plastic deformation [14] and with the effect of vacuum

E13].

In connection with what we have been saying, the experimen-

tal setups intended for low temperature fatigue study must of

necessity be equipped with a device which permits measurement of

the magnitude of the plastic deformation amplitude in each

experiment. This condition was satisfied in the design of the

setup for studying low temperature fatigue during cyclic bending

[16]. This setup permits measurement of the total and plastic

deformation magnitude at the test temperatures.
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Measurement of the total deformation reduces to determining

its dependence on the magnitude of the eccentric radius (i.e.,

on the magnitude of the deflection). The plastic deformation

amplitude is determined from the width of the hysteresis loop

plotted in the coordinates: load magnitude' versus deformation

magnitude. The magnitude of the total deformation corresponds

to the maximal value of the loading. The magnitude of the

plastic deformation is measuredupon removal of the loading.

The importance of measuring the magnitude of the plastic defor-

mation becomes obvious when studying the reasons for polycrys-

talline'copper and iron fatigue life increase.

The fatigue tests in symmetric bending were performed on

flat specimens of cantilever type with equal resistance upon

cooling to liquid nitrogen temperature and at room temperature,

In this case, the temperature at the active part of the copper

specimen was approximately 1130 K and that of the iron specimen

was 140 -- 1700 K. The specimens were tested after vacuum

annealing and electropolishing.

The dependence of copper fatigue life on total deformation /17

amplitude for temperatures of 293 and 1130 K (Figure la) is

the same at room and low temperatures: each curve has two seg-

ments characterized by different slope to the abscissa axis,

It is well known [21] that change of the fatigue curve slope

under ordinary conditions is associated with the difference in

the fatigue fracture mechanism in the high amplitude H and low

amplitude F regions. It appears that both of these fracture

mechanisms also take place at low temperatures.

We see from the data obtained that the fatigue life of

copper increases by nearly a factor of two with temperature

reduction in the deformation range tested, This may be a
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Figure 1. Dependence of copper fatigue life on magnitude of
total (a) and plastic (b) deformation amplitude.

1- temperature 1130 K; 2- temperature 2930 K,

consequence of factors such as change of the magnitude of the

plastic deformation, the resistance to.which increases with

temperature reduction, and change of the nature of the plastic

deformation, which shows up in the formation of a different

substructure.

We see from Figure lb that for the same plastic.deformation,

the fatigue life of copper is the same at different temperatures.

Microscopic studies showed some peculiarities of the sub-

structure in the low temperature deformation case, In the high

amplitude region, the copper specimen surface is covered by slip

bands which are not detected after light polishing and subsequent

etching. It appears that the absence of stable slip bands in

the high amplitude region is characteristic of low temperature

fatigue fracture just as for fracture at room temperature,

However, the nature of the cracks detected on the surface at

low and room temperatures is somewhat different: at room
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Figure 2. Cracks in cyclically deformed copper in the high
amplitude region for 2930 K (a), 1130 K (b) and in the low
amplitude region for 2930 K (c), 1130 K (d).

temperature, we observe intergranular cracks, while at low

temperatures we find many intragranular cracks (Figure 2a, b).

In the low amplitude region at deformation temperature

1130 K, we observe stable slip bands whose density is the same

as at room temperature, if we compare specimens at the same

plastic deformation magnitude. It appears that the slip homo-

genization which was observed by the authors of [22] at low

temperature and was ascribed to the effect of this temperature

is a consequence of high vacuum rather than the temperature

influence.
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At low deformation amplitudes, the fatigue cracks pass /18

through the grain along stable slip bands for both temperatures

investigated (Figures 2c, d). Consequently, the plastic

deformation distribution and crack nature do not change under

the influence of low temperature in the low amplitude region.

Thus, the cyclic fatigue life increase of copper at 1130 K

in comparison with the fatigue life at 2930 K for the same total

deformation amplitude is due to the lower plastic deformation

magnitude in each cycle in this case,

Figure 3a shows the dependence of structural iron fatigue

life on total deformation amplitude at room and low temperatures.

The low temperature curve is shifted in relation to the curve

obtained at room temperature. However, the nature of the curve

remains the same. We see from these data that, for the same total

deformation amplitude, the low temperature fatigue life increases

by about a factor of three to four.in the high amplitude region

and by a factor of four to six in the low amplitude region. The

fatigue limit also has a high value at the low temperature.

The dependence of the fatigue life of iron on plastic defor-

mation amplitude, plotted using a calibration curve (Figure 3b),

indicates that the relative positioning of the curves changes

significantly in the case when the argument is the plastic

deformation magnitude. For low plastic deformation amplitudes

(less than 0.0003), the fatigue life of specimens tested at

room and low temperatures is practically the same. For plastic

deformation amplitudes above 0.0003, the fatigue life of the

specimens tested at low temperature is lower than for those

tested at room temperature.
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Consequently, for low plastic deformation amplitudes, the

fatigue life value for the same total deformation is determined

only by the magnitude of the plastic.deformation. For higher /19

plastic deformation amplitudes, there are still other factors

which shift the low temperature curve in the direction of lower

fatigue life values. Electron microscopic study of the surface

slip showed that, in the low amplitude region for equal plastic

deformation amplitude and different test temperature, the slip

lines are similar in magnitude and nature, In this case, the

fracture is intragranular at both temperatures studied.

In the high amplitude region, the slip bands cover the

surface of the grains more densely at room temperature than at

low temperature. We also note that.fracture in the low tempera-

ture case differs in nature from fracture at room temperature -

in the former case, the fracture is intergranular, in the latter

case it is mixed.
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Comparison of the deformation and fracture characteristics

of iron with the magnitude of the fatigue life leads to the

conclusion that, for low deformation amplitudes, when fatigue

life is determined only by the magnitude of the plastic defor-

mation, the nature of the fracture is independent of temperature,

In the high amplitude region, transition to intergranular frac-

ture corresponds to lower values of the fatigue life at low

temperatures. This fatigue life reduction at low temperatures

may be associated with several factors. First, intergranular

fracture may facilitate transition to the stage of rapid brittle

crack propagation. Second, it is possible that, at high ampli-

tudes, where fracture has features similar to static fracture,

the stresses at the tip of the propagating crack play a signifi-

cant role. At low temperature, the elastic deformation component

has considerablyl larger magnitude than at room temperature,

which may lead to greater stress concentration and acceleration

of crack advancement. This may lead:.to the development of local

brittle fracture at the crack tip regardless of its nature

(intragranular or intergranular). This hypothesis is in good

agreement with the known tendency of iron to brittle fracture.

We see from the data presented.that, in many low temperature

fatigue cases,: the magnitude of the plastic deformation deter-

mines the fatigue life value. Moreover, these data indicate

the necessity for studying still another aspect of this problem /20

- transition from fatigue fracture to brittle fracture.

As is well known, the metal fatigue fracture process can

be divided into hardening, crack initiation, and crack propaga-

tion stages. Each of these stages is characterized by its own

governing laws. Hardening and crack initiation are determined

by development of the plastic deformation process, deformation

magnitude, deformation distribution, formation mode, and other
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Figure 4. Appearance of titanium alloy specimen fractures at
2930 K (a) and at 1330 K (b).

characteristics. The crack propagation stage is the beginning

of the fracture process, which is determined by other parameters.

If transition from fatigue fracture to brittle fracture

takes place at low temperatures, the crack propagation stage may

shorten significantly and this may lead to decrease of the

fatigue life. It is probable that this was the situation in the

low temperature iron fatigue case described above. Increase of

the brittle fracture fraction in the crack propagation stage was

observed in studying fatigue fractures of the VT-22 two-phase

titanium alloy during cyclic torsion in the temperature range

from -140 to +1500 C [231]. Each fracture has three clearly

discernible zones corresponding to the crack propagation stages

(Figure 4). The initial zone (Figure 5a) has the form of an oval

below the surface, located in the plane of action of the maximal

normal stresses. Fracture in this zone takes place by cleavage

along slip planes which have first been weakened by plastic

deformation. This failure nature is typical for fatigue.
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Figure 5. Electron fracto-
graphic pattern of fatigue
fracture segments.

a- initial zone; b- intermed-
iate zone; c- final failure.

The zone corresponding to the intermediate macrocrack propa-

gation stage is located in the maximal tangential stress planes

(Figure 5b). It also consists of plane cleavage segments,

however in contrast with the initial stage here, the cleavage is

accompanied by considerable plastic deformation. Sometimes

cleavages take place along nearby planes and the splitting of

each of these planes also culminates in plastic deformation,

The final failure zone, located in the plane of the normal

stresses, has a mixed fracture microstructUre (Figure 5c),

consisting of steps, "riverine patterns," and segments whose

structure is nearly "cup-like."

Thus, the fracture microstructure discloses features similar /21

in the first and second stages to ductile fracture and similar

in the final stage to quasibrittle fracture.
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The three zones described are observed at all temperatures

from -140 to +1509 C and their microstructure is independent of

temperature. However, the ratio of the areas of these zones

changes markedly (see Figure 4): upon temperature reduction, the

area of the intermediate zone decreases at the expense of the

final fracture zone. At temperatures below -500 C, the second

zone becomes very small, i.e., the brittle fracture zone occupies

most of the area. On this basis, we can assume that the crack

propagation process accelerates with temperature reduction, This

statement requires careful experimental verification under the

condition of the same plastic .deformation for cases of different

crystal lattice type, structure, stress concentration, and so on,

In examining the fatigue characteristics at low temperatures,

we should note certain peculiarities of plastic deformation under

these conditions.

Thus, Hempel [24] discovered,on.armco iron segments which

had been subjected to cyclic deformation, the presence of twinning

at liquid hydrogen temperature, while only slip occurs at room

temperature.

Hull [25] showed that, upon temperature reduction the slip

bands in copper become finer, are located closer together, and

their number increases. At the same time, the extrusions and

intrusions which form at low temperatures are similar to those

which arise as a result of tests under room temperature conditions.

According to the data of Pratt 126], the dislocation forma-

tions in copper at temperatures of 78 and 2950 K are similar,

however, at 780 K, the dislocation wall thickness and tangling

and the cell segment irregularity are greater.
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Thus, comparatively extensive data which can be used to

explain the mechanism of fatigue crack initiation and propagation

have been accumulated. The usual cyclic deformation conditions

and certain characteristics of plastic deformation behavior and /22

substructure formation have been studied. This information is

quite limited for low temperature fatigue. Clarification of the

influence of low temperatures on such fatigue failure charac-

teristics as fatigue life and fatigue limit requires further

study of the laws governing the process of plastic deformation

and failure under these conditions.
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MAGNESIUM-LITHIUM CASTING ALLOYS

V. P. Latenko, T. V. Sil'chenko, V. A. Tikhonov,

V. P. Mal'tsev and V. P. Korablin

The strength properties of magnesium-lithium alloys at room,
low, and high temperatures are investigated. It is found that

the alloys may have practical application at ambient temperatures

up to 1000 C, that negative temperatures have a favorable in-

fluence on the alloy strength, and that cyclic temperature

variations have practically no effect on the strength charac-

teristics. The influence of chemical coatings on corrosion

resistance of the MgLi alloys is examined. Several facilities

based on pressure casting machines, low-pressure casting machines,
and magnetodynamic pumps were designed for producing MgLi alloy

castings. Results are obtained for MgLi alloys reinforced with

fibers having volumetric content 15%.

With the growth of space and aircraft technology, the need /22

arises for new super strong and super light materials.. Therefore,

the interest in alloys of magnesium with lithium -- a super' light

material having quite high specific strength -- becomes

understandable.

Judging by foreign and Soviet studies primarily the defor-

mable alloys are used in .aerospace technology, Among the

magnesium-lithium alloys developed in the USA,. the LAl41SZ and

LAI41A El] deformable alloys are most widely used. In the USSR,

the IMV3 and VMD5 alloys are recommended for industrial use.

These alloys have a good combination of specific strength and

plasticity.

Casting class alloy compositions have been developed to a /23

far smaller degree. Several casting alloys based on the magnesium-

lithium system have been developed at the IPL (Institute of

Precision Casting) of the Academy of Sciences of the UkSSR (the

alloy compositions were developed by A. A. Gorshkov, Corr. Mem.

AS UkSSR, and P. S. Kozenko, Cand. Tech. Sci.). The basis of the

MgLi casting alloys with content 15 - 16% Li is the B phase
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(cubic modification of the crystal lattice). The alloying

additives either enter into the solid solution, hardening it, or

form independent phase components (Figure 1). At the present

time, a broad range of studies of the MgLi alloys is being

carried out at the Institute. The following mechanical properties

have been determined: fatigue strength -1 at normal temperatures,

ultimate tensile strength ou, relative elongation 6, Young's

modulus E, thermal expansion coefficient a at temperatures -700 C,

+500 C, +1000 C, +2000 C, +3000 C, and + 4000 C, and also these

same characteristics and the yield strength a0.2 and fatigue

strength a_1 after five temperature variation cycles (-600 C and

+650 C for two hours).

'1

Figure 1. Microstructure of cast specimens of an alloy of the

Mg - 15% Li system alloyed with aluminum, zonc, and RZM (rare

earth metals) x 300.

The test specimens were cut from blanks cast into a graphite

form. Prior to introduction of the RZM, the alloy was heated to

8000 C, pouring of the alloy into the from was performed at

720 - 7400 C. Prior to casting, the form was preheated to

250 - 3000 C. The study of the mechanical cahracteristics au,

6, a0.2, and E was conducted together with the IPP of the AS

UkSSR (see table), the study of a- 1 was conducted together with

the IM (Institute of Metals) of the AS UkSSR.
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RESULTS OF MECHANICAL TESTS OF MgLi ALLOYS

Test Temperature, OC

Charac-s C yclic
teristic 20 50 I00 150 200 -70 Cyclic +65)

I C60, +65)
au kG/mm 11.6 11.7 11.1 6.9 3.5 13.8 12.0

00.2 9.8 10.3 10.2 6.8 3.0 11.5 10.7

% 6.6 4.05 4.35 4.0 - 17.6 2.3

We can conclude from the test results that the MgLi alloys

may have practical application at ambient temperatures up to

1000 C; negative temperatures have a favorable influence on the

strength of the alloy; cyclic temperature variations have no /24

noticeable influence on the strength characteristics of the

alloy.

Young's modulus E was determined on UP-1 and UP-6 testing

machines by the dynamic resonance method from the first bending

and longitudinal vibration mode of a cylindrical specimen. The

test results are shown in Figure 2. The influence of temperature

on the thermal expansion coefficient is shown in Figure 3. We

see that Young's modulus and the thermal expansion coefficient

decrease monotonically with temperature increase.

The fatigue stress values for specimens which have been

subjected to cycling (-60, +650 C) are 2 - 3 kG/mm 2 higher

than for specimens under normal conditions (Figure 4).

Corrosion resistance of a material is important in evaluating

its suitability. Most aerospace technology products are tested

for corrosion resistance under tropical climate conditions

(temperature 400 C, relative humidity 98%). The MgLi alloy

specimens were tested under these same conditions. The
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Figure 2. Young's modulus Figure 3, Temperature depen-
of MgLi alloy versus dence of coefficient c of
temperature. MgLi alloy.

1- conventional specimens; 2-
specimens after cycling,

specimens of dimensions 30 x

15 x 3 mm.were placed in a special sealed chamber where constant

temperature and humidity were maintained. Specimens with and

without anticorrosion coatings were placed in the chamber.

Specimens of the AL4, AL9, and ML5 alloys were used as comparison

specimens. The corrosion resistance characteristics are shown in

the following table.

Corrosion index n t 10 
3 ,

Specimen condition mg/cm 2 /day (10 day ave.)

Uncoated 3,54

Coating NaF, K2 Cr207 3,37

Coating K2 Cr 207, alum, acetic acid 3.45

Coating K2 Cr20 7, nitric acid NH 4 Cl 3.22

Oxidation K2 Cr20 7, MgSO 4 , (NH 4 )2 SO4  1,20

Oxidation + primer (VL-062) + enameling (EP-755) 1,81

Oxidation + epoxy resin 2,10

Uncoated with addition of Be to alloy 3.6

Uncoated from AL4 and AL9 alloys 0
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6.,. kG/mm2  An estimate of the corrosion /25

rate was made on the basis of

2/ specimen weight loss in milligrams

4 4  /1Z ~ 4 per square centimeter on surface

2 6/2 7/4 per day.

1 4 5 65 lgNf

We see from the data presented

that the chemical coatings used,

Figure 4, Fatigue curves of except for oxidation, did not
MgLi alloy (specimen number
in numerator, test number in yield any marked corrosion resis-in numerator, test number in
denominator). tance increase in a humid medium.

1- conventional specimens; The specimens coated with enamel
2- specimens after cycling and epoxy resin have better cor-
(-60, +650 C).

rosion resistance than uncoated

specimens, but in the course of the tests, we observed blistering

and peeling of the enamel and epoxy resin from the specimen

surface. Therefore, these coatings cannot be recommended for

protecting parts against corrosion during long term exposure to

a humid medium.

Improvement of the corrosion resistance of the magnesium

alloys is provided by alloying them with metals having high

relative oxide film density. We used as the alloying element

beryllium, which was introduced into the melt in the amount of

0.002 - 0.003%. Testing of the specimens showed that the

corrosion resistance of the alloy is not improved with this amount

of beryllium. The best results were obtained with oxidation of

the specimens. According to the foreign data, oxidation of the

magnesium alloys is used prior to application of paint and

lacquer coatings to the part. Therefore, it is possible to

continue studies to select paint and lacquer coatings which can

be applied to oxidized parts.
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Figure 5. Cast detail parts.

One of the negative characteristics of the alloys is their

higher chemical activity and predisposition to combustion upon

heating and in the liquid state,

Protective fluxes perform their role in the melting process,

but are completely unreliable during pouring. Moreover, during

melting under flux, complete assimilation of the RZM, Si, and Mn

does not take place because of the fact that these elements are

easily wetted by the flux and settle to the bottom of the crucible

along with the flux. Therefore, melting under flux cannot be

considered acceptable in industrial use of the alloys.

Several facilities for melting and pouring MgLi alloys have

been designed at the Institute of Precision Casting of the AS

UkSSR: melting and pouring unit using a pressure casting machine,

melting and pouring unit for low pressure casting, melting and

pouring unit using a magnetodynamic pump.* Common to all the

units is the fact that melting is carried out in a sealed crucible

*In the design of these pumps, we used the recommendations
of G. P. Borisoa and V. P. Polishchuk, Candidates of Technical
Sciences.
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or chamber, which prior to connection into the system is evacu- /26

ated to a residual pressure of 0.1 - 0.05 mm Hg and filled

with purified argon (pressure 1.2 to 1.4 ata). In all cases, the

casting forms are also evacuated and, if necessary, a protective

atmosphere can be provided in the forms. The melting vessel

and casting form are interconnected by a molten metal transfer

line.

The use of differential pressure in crystallization of /27

castings, on which the described facilities are based, is

extremely important in obtaining castings from light weight

alloys such as MgLi,. which have very low metallostatic pressure.

Stainless steel and graphite are used as the form material.

The most effective protective coating for the form was found to

be a 0.05 - 0.1 mm thick coating of carbon black from combustion

of polystyrene foam applied to the cleaned working surface of

the form prior to each pouring. Castings made from the MgLi

alloys are shown in Figure 5.

The strength and heat resistance of the MgLi alloys can be

increased by reinforcing the castings using high strength and

high modulus filaments. Some work in this direction has been

carried out at the Baikov Institute of Metallurgy of the AS USSR

with the deformable alloys [2]. Reinforcing was provided by

continuous AT-3 alloy and 28A steel filaments by impregnation

under pressure and explosive welding, The maximum strength

obtained using the MgLi - AT-3 composition was 40 kG/mm , the

strength obtained using the MgLi-22A steel composition was

60 kG/mm 2 , the corresponding moduli of elasticity were 6600 and

7000 kG/mm2
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o

Figure 6. Microstructure of composite material specimens,

a, b- alloys reinforced with iCrl8NilOTi wire, 0 0.3 mm, x 300
and x 10,000, respectively; c- alloy reinforced with EP322
wire, 0 0.2 mm x 300.
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Figure 7. Macrostructure of specimen reinforced with EP322 wire
0 0.2 mm x 16.

Work has been carried out at the Institute of Precision

Casting of the AS UkSSR to obtain lightweight composite casting

materials with MgLi alloy matrix. Individual castings using

filaments of various materials were made in order to determine

the interaction between the filaments and matrix. Microscopic

study of sectioned specimens (Figure 6) showed that, in all cases,

there is a zone of interaction of the filament material and the

matrix material. The width of the interaction zone is different

for the various materials, but in the worst case does not exceed

10 microns in radius. Moreover, this zone is quite stable and

broadening of the zone was not observed at room temperature in

the course of six months.

In order to obtain reinforced specimens, special frames were

prepared on which 0.3 mm diameter EP322 steel wire was wound.

The spacing between filaments was determined so that the rein-

forcement volumetric fraction amounted to 15% of the total volume.

The frame with the wire wound on it was placed in a graphite

form, which in turn was placed in the shaft of an electric furnace

and heated to 450 - 5000 C. Pouring of the form was carried

out at this same temperature. The metal was melted under flux in

an open crucible and the pouring temperature was 700 -- 7200 C.

In the resulting specimens, all the filaments were coated with

metal with any discontinuities (Figure 7).
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A more advanced technology for obtaining reinforced speci-

ments has now been developed, which provides for electric pre-

heating of a chill mold and obtaining reinforced billets in the

vacuum chamber of a low pressure casting facility.

Thus, the work which has been done has shown the possibility

of obtaining cast composite materials based on the MgLi alloys,

At the same time, there are definite difficulties in obtaining

specific detail parts. Thus, during preheating of the form

prior to pouring the reinforcing filaments, sag and tensioning

of the filaments presents considerable technological difficulty, /28

Moreover, the problem of reinforcing contoured parts has not yet

been resolved.

In conclusion, we can express confidence that, with resolu-

tion of the question of improving corrosion resistance and

obtaining stable tensile strength characteristics, exceeding

20 kG/mm2 , the MgLi casting alloys will find extensive applica-

tion in space and aircraft technology, electronics, and other

branches of engineering.
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FATIGUE LIFE OF METALS UNDER CYCLIC LOADING IN VACUUM

B. I. Verkin, I. M. Lyubarskiy, V. M. Boychuk,
N. M. Grinberg and A. I. Alekseyev

The effect of vacuum on the cyclic strength of metals is
examined. Experimental data are presented of studies by the
authors to clarify the mechanism of vacuum influence on fatigue
failure. The dependence of copper and armco-iron fatigue life
on vacuum level is studied. It is found that the presence of
saturation on the curve of fatigue life versus vacuum level is
common for the materials studied. The effect of vacuum on fatigue
fracture of copper is studied over a wide range of deformations.
It is shown that fatigue life increase under vacuum conditions
and the observed characteristics of the fatigue fracture itself
in vacuum are associated with homogenization of the plastic
deformation under these conditions.

During the last decade, many studies devoted to investigating /28

the process of fatigue failure under vacuum conditions have

appeared. The increased interest in this problem is explained

by several factors. In connection with the development of space

technology, particularly with the duration of vehicle stay in

space, the necessity arises for obtaining practical. information

on structural material characteristics under conditions simulating

space. For successful resolution of the problem of selecting

the material and its processing technology and predicting its

capability to operate in outer space, it is necessary to study

the mechanism of vacuum influence on the fatigue fracture process.

Finally, the fact that study of fatigue fracture under vacuum

conditions yields important information on the physical mechanism

of this process is very significant. Unfortunately, the data

available in the literature have not been systematized and are

difficult to compare with one another. This is associated,

particularly, with the fact that the studies have been made using

different materials and under different conditions, Moreover,

when treating the reasons for the influence of vacuum on the

fatigue properties, many investigators have used previously

proposed and often purely hypothetical concepts, and therefore,

their ideas are, to a considerable degree, biased.
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At FTINT AS UkSSR, along with study of the fatigue properties

of the structural metals and alloys which are used in space

technology and testing of specific vehicle components under high

vacuum conditions, studies are being made to clarify the mechanism

of the vacuum influence on the fatigue fracture process, Three

machines have been developed for fatigue testing in high. vacuum

down to 5 ' 10 mm Hg using cyclic tension, torsion, and bending

[1 - 4]. A distinctive feature of these machines is that each

has been designed on the basis of the same standard vacuum system.

The configuration of the vacuum system permits the use of various

loading mechanisms for the required testing mode without any

system changes. At the same time, provision is made for identical

test conditions in regard to vacuum level and residual gas

composition. All the machines have load excitation systems with

a crank mechanism which permits testing with constant deformation

amplitude.

The fatigue process development is studied by metallographic

analysis using the MIM-7 electron-optical microscope, both to /29

study the slip bands on the surface of the specimen and to identify

the stable slip bands and cracks (after polishing and etching).

Electron microscopic study of the surface is conducted by

the method of single-stage lacquer replicas, tinted with chromium,

on an UEMV-100V electron microscope with magnification 20,000,

Influence of different vacuum level on fatigue properties of

metals. The study of vacuum influence on fatigue life has been

made for many metals and alloys. The largest volume of data

relates to aluminum [5 - 9], its alloys [10, 11], and various

steels [12 - 15]. Lead [16], gold [17, 18], silver £12],
molybdenum [19], indium [20], titanium alloys [21], and other

metals have also been studied. The investigations show that the
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fatigue life of nearly all materials increases in vacuum to a

greater or lesser degree in comparison with the fatigue life in

air. An exception is gold [18], whose fatigue life is indepen-

dent of the vacuum. The influence of differing vacuum level on

fatigue life has been studied primarily for metals with FCC

lattice.

Specifically, for copper [5], the number of cycles to
-6

failure increases linearly with increase of vacuum to 2 ' 10 6

mm Hg (limiting.value of the vacuum in the experiments), A

limiting ambient pressure below which the fatigue life remained

constant was obtained for the other materials studied [6 -- 8].

It is of interest to clarify the influence of vacuum on the

fatigue life of copper in the higher vacuum region, Figure la

shows the results of such a study, where testing of copper

specimens under sign-symmetric bending was conducted in the

pressure range from atmospheric to 10- 9 mm Hg, In contrast

with the data of Wadsworth [5], the linear dependence of fatigue-4
life on vacuum level is maintained only down to 10 mm Hg,

thereafter, the ig N = f(lg P) curve "saturates,"

Similar curves were obtained for armco iron -- a typical

representative of the metals with BCC lattice (Figure lb).

The dependence of fatigue life on vacuum intensity for armco iron

is analogous to that for copper. The trend of the curve.with

saturation seems valid and apparently reflects the fact that,

beginning at some value of the vacuum, the material fatigue life

is determined by the basic fatigue fracture mechanism, These

data are also of interest in connection with the fact that cyclic

strength tests under conditions simulating space.can be conducted

in the laboratory.
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Figure 1. Dependence of fatigue life of copper (a) on oxygen
pressure (solid line) and vacuum level (dashed line) and of
armco iron (b) on vacuum level.

There are several viewpoints concerning the mechanism of

vacuum influence on fatigue life of the metals. In 16, 8],

the fatigue life increase in vacuum is explained by reduction

of the wedging action of the oxide films in the crack propaga-

tion process. Martin [22] and Morecraft [14] suggested that

fatigue life increase in vacuum is associated with "healing" of

the freshly formed cracks during the compression cycle, while

in air the adsorbed gases oppose this process. It follows from /30

the hypotheses explaining the observed effect that, as soon as

the adsorption rate becomes equal to or less than the crack

propagation velocity, there should be marked fatigue life

increase with subsequent saturation, However, we see from the

results presented above that this abrupt fatigue life increase

does not necessarily occur.

An entirely different approach to this problem is that of

Kramer [7], who explains the fatigue life increase of aluminum

in vacuum by the formation of a near-surface "debris" layer with

lower dislocation density than in air. He has in mind a sub-

surface layer with increased dislocation density relative to the

volume of dislocations which form during deformation. According

to Kramer, this situation facilitates plastic relaxation of

the stresses at the crack tip under vacuum conditions and leads
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Figure 2. Slip bands,

a5 b- in air and vacuum
(respectively N = 2.6 ' 10

and N = 3.2 10 cycles to
failure); c- in vacuum

(N = 2.6 * 105 cycles).

to slower crack propagation, In all the studies cited, plastic

deformation in the early stages of the process is practically

ignored. It is assumed that the entire influence of vacuum on

fatigue life is associated with change of the crack propagation

velocity because of oxygen adsoprtion at the crack tip.

Since the fatigue failure process and, specifically, the

crack propagation process are associated with plastic deformation

accumulation, it is of interest to clarify the nature of plastic

deformation in vacuum and in air. Metallographic study of the

surface of copper specimens after deformation has shown that

grains with highly developed and widely spaced slip bands and

also grains free of slip bands are characteristic for cyclic

loading in air (Figure 2a). As the vacuum is increased to 10 4

mm Hg, the number of such grains decreases, grains with fine and

densely spaced slip bands are observed, and the nonuniformity in
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Figure 3. Electron microscopic pictures of the surface of
specimens tested in air (a) and in vacuum (b). x 20,000,

the distribution of the stable slip bands decreases. The results

of studies of specimens after fracture in air and in vacuum are /31

ambiguous, since specimens are compared which have experienced

different numbers of cycles and which, consequently, have

different total plastic deformation. Therefore, we studied

specimens after the same number of loading cycles in vacuum and

in air (2.6 ' 105 cycles). We see from Figures 2b and c that

the fact that slip is more uniform under vacuum conditions than in

air was confirmed.

A more detailed picture of the slip bands and nature of

their distribution was obtained by electronic microscopic study

of the surface. Characteristic for specimens deformed in air

(Figure 3a) are highly oriented slip lines in which extrusions

and intrusions are observed. The plastic deformation is not

uniform and the slip lines alternate with segments which are

either free of deformation or slightly deformed by fine slip.

Characteristic for specimens deformed in air is the presence

of slip bands with smaller extrusions and intrusions which

completely cover the specimen region in the field of view (Figure

3b).
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Thus, we see from the metallographic study data presented

above that plastic deformation of copper is more uniform under

vacuum conditions than in air, A consequence of the plastic

deformation uniformity will be reduction of the probability of

failure at a given local site. This then is apparently the

reason for fatigue life increase in vacuum. We can attempt to

explain the influence of vacuum on slip distribution nature using

Kramer's "debris" layer idea, In the slip band formation process,

when hardening has taken place in some plane, further deformation

can take place in two ways: a) in neighboring slip planes, i.e.,

roughly speaking, at the same local site, for example, as a result

of double lateral slip; b) at an arbitrary site where a new

dislocation source develops.

Under vacuum conditions, where the dislocation entanglement

density in the near surface layer is less than in air 127], a

larger number of dislocation sources is activated and, as a

result, the slip is more uniform.

The nature of fatigue life dependence on vacuum level can

be explained as follows. As the pressure of the ambient medium

is reduced, the rate of oxygen adsorption on the freshly formed

slip steps decreases. This leads to less intense dislocation

accumulAtion in the near surface layer, as a result of which

slip becomes relatively more homogeneous and fatigue life

increases.

Beginning at some pressure, the adsorption rate becomes

lower than the rate of slip step appearance, as a result of

which the near surface layer effectiveness and fatigue life no

longer depend on the vacuum level as this level is decreased /32

further. In this case, the fatigue life is determined by the

basic crack distribution propagation mechanism,
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E Influence of vacuum on fatigue

.-z fracture of copper in the high and

oo II Tow amplitude deformation regions.

S Illl As is known [23], the fatigue

0.0 failure mechanism, particularly of

lllll copper, at high and low deforma-

-< tions is different. Characteristic

.00 II l ~bl for the high amplitude H region is

4o 10' 6,tIO'2 4a Iod' N the slow static failure.mechanism,

Figure . -N curves in while in the low amplitude F
Figure 4. E-N curves in
vacuum (1) and in air (2). region, failure is associated with

damage and distortion accumulation

in active slip planes.

In explaining the influence of vacuum on fatigue life and

other fatigue failure characteristics, we did not specify for

which deformation region the particular hypothesis was applicable,

In this connection, it is of interest to study the influence of

vacuum on fatigue life over a wide deformation range for both the

F and H regions.

The results of experiments to determine fatigue life as a

function of deformation magnitude in air and in vacuum are shown

in the form of E - N curves (Figure 4) and indicate that the

fatigue life of copper increases markedly under vacuum conditions.,

throughout the entire deformation interval studied (C = 0,0012

to 0.0070). A metallographic study was made of the surface of

specimens which had been subjected to polishing and etching.after

deformation in vacuum and in air to detect the stable slip bands.

Characteristic for specimens tested in air in the low amplitude

deformation region are stable slip bands, whose number decreases

as the deformation increases, Stable slip bands were not detected

above the value E = 0.0019 corresponding to transition from the
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F region to the H region, These

.A _ data agree with those obtained by

'N .e oo Kemsley, who found that the stable

slip bands disappear with trans-

ition from the low amplitude

M O OY5 region to the high amplitude

-- I region E24],

I/ , o' fO IO , J 10 - l-ff 4Pmm Hg

Figure 5. Fatigue life as Under vacuum conditions, the
function of vacuum level
for = 0.0016 and 0.0055. slip band density and stable bandfor c = 0.0016 and 0.0055.

density are considerably higher

than in air; for the same deformation amplitudes, the slip is

more disperse and uniform, i.e., the experimental data obtained

for E = 0.0016 are valid throughout the entire F region,

Under vacuum conditions, the number of stable bands also

decreases with increase of the deformation amplitude; however,

they disappear at higher deformation than in air (F = 0.0032).I

This phenomenon can be explained if we introduce the critical

local plastic deformation E*, above which stable bands are not

formed. Since plastic deformation takes place more uniformly in

vacuum than in air, higher macroscopically averaged deformation /33

will correspond to the value E*. This then is apparently the

reason for the fact that the stable bands are retained up to

higher deformation amplitude in vacuum than in air.

Thus, transition from the F region to the H region under

vacuum conditions takes place at higher deformations. This con-

clusion is very important in connection with explanation of the

influence of vacuum on the fatigue failure process. As was

mentioned above, increase of the fatigue life in vacuum is

explained by various authors [5 - 9, 14, 22] by slowing of

crack propagation as a result of the local effects associated
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with oxygen adsorption at the crack tip. If everything were

actually determined by this factor alone, the -- N curve,

together with the characteristic points, would be shifted along

the fatigue life axis. However, we see from the results obtained

that the shift of the e - N curve, at least the F branch of this

curve, in vacuum takes place along the deformation axis. This

means that it is the plastic deformation and its distribution

which determine copper fatigue failure characteristics in vacuum

in the low amplitude loading region.

Let us examine the dependence of fatigue life on vacuum

level in the F and H regions. The nature of fatigue life depen-

dence on surrounding medium pressure is the same for low and

high deformations.(Figure 5): as the vacuum is increased, the

fatigue life increases linearly; beginning at some value Pcr'

the life no longer depends on pressure and saturates, The

differences are that, for e = 0.0055, the curve lies lower and

saturates at a pressure of 10- 3 mm Hg, while for c = 0.0016, the

critical pressure is equal to 10 mm Hg,

The magnitude of the critical pressure for which the

lg N = f(lg P) curve saturates is determined, on the one hand,

by the rate of oxygen adsorption on the slip steps and, on the

other hand, by the rate of dislocation emergence to the surface.

Let us try to estimate how the critical pressure changes

with deformation amplitude change, From what we have said,

Pcr = V = aVd (1)

where Per is the critical pressure, vs is the oxygen adsorption

rate at the pressure Pcr' Vd is the average rate of dislocation

emergence to the surface per quarter cycle, a is a constant,
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The rate of dislocation emergence is obviously proportional to

the average plastic deformation rate per quarter cycle spl;

vd pl WEpl' (2)

where w is the loading frequency, Epl is the plastic deformation

amplitude.

From (1) and (2) follows Per .mEpl Since we have

considered here the fatigue life dependences on vacuum level for

two deformation amplitudes, P' cr/Pcr = E pl/E pl In our experi-

ments for El = 0.0055, the plastic deformation amplitude was

pi = 0.00310, for 2 = 0.0016, E"pl = 0.00034. Thus, P't /P"cr

10.

It follows from this discussion that, with deformation

amplitude increase from 0.0016 to 0.0055, the critical pressure

shifts by an order of magnitude into the region of higher pres-

sures, which is in complete agreement with the experimental data.

Figure.::6 shows the dependence of the relative increase of

the fatigue life n in vacuum in comparison with air on the defor-

mation magnitude n = N /N , where N is the fatigue life in

vacuum, N is the fatigue life in air.a

On the curve, we can identify three characteristic segments:

the segment FF for which n a 10 and does not change with

deformation change from 0.0012 to 0.0019; the segment HH on which

n varies smoothly from 4 to 3, saturating with deformation

increase from 0.0032 to 0.0070; the segment FH with deformation /34

0.0019 - 0.0032, and marked dependence of n on deformation

amplitude.
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In the deformation region

.zIi'. J corresponding to the segment FF,

failure is characterized by the

low amplitude mechanism both in

2 -- air and in vacuum. In the HH

0 0 002 0.004 0.000 region, the high amplitude failure

mechanism holds, both in vacuum
Figure 6. Dependence of and in air. The FH region is
relative fatigue life
increase in vacuum on transitional -- since failure in
deformation amplitude. air takes place following the H

mechanism while in vacuum it follows the F mechanism,

The influence of vacuum on fatigue life in both the H and

F regions is associated with changes in the near-surface layer,

These changes take place as a consequence of interaction of the

oxygen of the surrounding medium with the freshly formed slip

steps; the nature of fatigue life dependence on vacuum level is

the same over a wide deformation range and. is determined by near

surface layer formation kinetics as a function of ambient pressure

and deformation amplitude.

Reduction of vacuum influence on fatigue life with deforma-

tion amplitude increase can be expected on the basis of the

following arguments. The near surface layer effectiveness will

increase with deformation amplitude increase so that the addi-

tional changes in its formation under the influence of vacuum

becomes less important. However, while the relative fatigue

life increase within the limits of a deformation region with the

same failure mechanism depends weakly on deformation magnitude,

upon transition from low amplitude to high amplitude failure,

we observe a large dependence of n on the deformation amplitude,

This is probably associated with the fact that, during cyclic

loading in vacuum, the changes in formation of the near surface
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layer may lead to fatigue life increase in a different fashion,

depending on the specific fracture mechanism. In. the H region

(possibly following the Kramer mechanism) under vacuum conditions

plastic relaxation of the stresses at the crack. tip is facili-

tated, which leads to the observed fatigue life increase by a

factor of three or four, in comparison with fatigue life in air,

In the F region, reduction of the near surface layer effectiveness

in vacuum leads to more uniform distortions and discontinuity

accumulation in the stable slip bands, This reduces the proba-

bility of fatigue fracture, as a result of which fatigue life

increases by an order of magnitude in comparison with fatigue

life in air.

Influence of vacuum on the copper fatigue fracture process

in various stages. In studying the influence of vacuum on

fatigue properties, we use as the criterion the ratio of specimen

fatigue life in vacuum to that in air n = N /N , However, the

quantity n characterizes only the average influence of vacuum

on the fatigue fracture process during the entire cyclic loading

period. It is of interest to examine the influence of vacuum

in the various stages of the process.

In order to determine the role of vacuum in the various

stages of the fatigue process, we made tests in air for a given

number of cycles, after which we determined the fatigue life

of these specimens in vacuum. As the parameter defining the

influence of vacuum on fatigue fracture, we took the quantity

n = Nv/(N 0 - N ), where N is the fatigue life in vacuum of

specimens which have first been deformed in air; Na is the

specimen fatigue life in air; Na is the number of preliminary

loading cycles in air.
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In other words, n is the /35

? 1ratio of fatigue life in vacuum

of specimens which have first been

deformed in air to the assumed

- residual fatigue life in air and

characterizes the effect of vacuum

in the stage from Na to failure,

0.25 0.50 R Na0

Figure 7 shows the dependence

Figure,7. Dependence of n of the quantity n for copper on

on number of preliminary the number of preloading cycles
loading cycles in air for in air, We see from the figure

= 0.0012.
that specimen fatigue life in

vacuum increases byll6 times in comparison with the fatigue life

in air without preliminary loading.

As the number of preliminary loading cycles in increased,

the quantity n decreases. For example, after 50% of the specimen

life in air, i.e., at the stage (0.5 - 1)(N /Na), the quantity

n2 amounts to only 3.5.

The influence of vacuum in the stage (0 -05)(N /N ) cana a
be estimated as follows:

NO - NI

- v v
n N 1

a

where NO is the fatigue life in vacuum of a specimen without
'v

preliminary loading; N is the fatigue life in vacuum of av

specimen which has been tested in air for 50% of its life; Na

is the number of preliminary loading cycles.

O 0 1 0
On the basis of the fact that N = 16 N , N = 3,5 ' 0,5 N0

v a v a
1  0 o  =

(shaded region), N = 0.5 Na, n 29,
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We see from the n values

N , °  presented (29 and 3.5), that the
0 °influence of vacuum in the first

half of.specimen life is nearly

an order of magnitude greater than
a4

in the last 50% of the fatigue

life.
025- ej. o47 N V

N Thus, the influence of vacuumv

Figure 8. Dependence of is not the same in the various

fatigue life in air on stages of the fatigue process in
number of preliminary

copper and is most significant indeformation cycles in
vacuum for E = 0.0012. the initial stage. Figure 8 shows

the dependence of fatigue life in air of copper specimens which

have been first deformed in vacuum on the number of preliminary

loading cycles. We see from these data that deformation in

vacuum up to 60% of the fatigue life does.not alter noticeably

the subsequent fatigue life in air, Thus, the specimen loaded

for 1.35 ' 10' cycles has the same fatigue life in air as the

specimen without preliminary loading, This apparently indicates

that significant damage does not develop with cyclic deformation

of copper in vacuum during a very long stage of the process.

As we see when.comparing the curves in Figures,7 and 8, the /36

fatigue damage accumulation process takes place differently in

air and in vacuum, which is confirmed by the data shown in

Figure 9, where the degree of damage during preliminary loading

in air and in vacuum is characterized by the magnitude of the

fatigue life during subsequent testing in air in the high ampli-

tude region (E = 0.003) with quasistatic nature of the failure.

It follows from these data .that loading in air in the low

amplitude region (c = 0.0012) reduces the cyclic strength in

high amplitude deformation from the very initial deformation
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stages.. At the same time, loading

, a in vacuum for up to 60% of the

O -2 specimen fatigue life does not

lead to any change of the cyclic

strength in high amplitude defor-

mation. It is interesting that

the strength reduction of speci-

.25 ORo 07N mens which have been deformed in

vacuum for 75% of their life

Figure 9. Dependence of under these conditions is the

fatigue life in air for same as for specimens which have
S= 0.0030 on number of

been deformed in air for only 25%preliminary loading cycles
in air and in vacuum for of their life, or in absolute
E= 0.0012. units, the specimen withstands

1- pressure 760 mm Hg; 2- 4.5 105 cycles in air whilepressure 10-7 mm Hg. 5
it withstands 1,58 ' 105 cycles

in vacuum for the same degree of damage.

It was of interest to clarify exactly what the differences

are between the damage accumulation processes during cyclic

loading in air and in vacuum. Metallographic study showed that,

after testing in air for 5.4 ' 104 cycles (3% of the fatigue

life), cracks appear at the boundaries of the crystal twins,

although stable slip bands have not yet appeared. After

1.44 ' 105 cycles (8% of the fatigue life), when stable slip

bands have formed, we can detect cracks which extend beyond the

limits of a single grain (Figure 10a), With further deformation.

in air, we observe longer cracks encompassing several grains.

In a vacuum, the stable slip bands appear only after

7.2 ' 105 cycles. Cracks were not detected after testing the

specimen for 1.8 106 cycles (8% of the fatigue life), although

in air after this same period, the fatigue fracture process had

60



Figure 10, Cracks and stable
slip bands in different
cyclic deformation stages.

a- in air after 1,44 ' 105

cycles (8% of fatigue life);

b- in air after 1.8 ' 106

cycles (100% of fatigue life);

c- in vacuum after 9 ' 10
cycles (40% of fatigue life).

culminated (Figure 10b). In a vacuum, the first cracks appear /37

only after 9 ' 106 cycles (Figure 10c); with further cycling,

the cracks elongate, transitioning from one grain into another.

These data confirm the concept that development of the

fatigue process takes place differently, depending on the sur-

rounding atmosphere. In air, microcracks appear in the specimens

in the very early stages of the fatigue process, constituting

less than 10% of the total specimen lifetime, In this case, the

fatigue failure actually is basically the crack propagation

process, which is noted in studies by Thompson 125], Wood 123],

and other investigators. However, in vacuum, the microcracks

form far later than in air, both with respect to absolute number

of loading cycles and relative to specimen total fatigue life

under corresponding conditions.
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It is usually considered that the formation of stable slip

bands is evidence of fatigue cracks nucleation and the appearance

of microcracks corresponds to transition to the crack propagation

stage. On this basis, we can assume that vacuum has a dual

influence on the initial stage of the fatigue process: it

retards crack nucleation and delays the beginning of the crack.

propagation stage. Hence it follows that the known data 125]

indicating that crack nucleation is replaced very rapidly by

crack propagation relates onlylto the case of cyclic loading under

atmospheric conditions. These concepts do not correspond to the

case of fatigue failure in pure form (without.influence of the

atmosphere), in which the crack propagation stage duration is

approximately, equal to that of the preceding stage.

It was shown above that, in the case of cyclic loading of

copper, the plastic deformation model is different, depending

on -the- surrounding medium: in air, slip is-nonuniform and

plastic deformation is localized in a comparatively small number

of slip planes; in vaccum, slip takes place more uniformly and

is distributed.in numerous slip bands, It appears that this is

the reason for the reduction of critical crack nucleus formation

probability under vacuum conditions,

On the basis of this analysis, we can come to the following

conclusions.

The most significant effect of vacuum on the fatigue failure

of copper is reduction of the plastic deformation concentration

in individual slip bands and activation of a large number of these

bands. Increase of fatigue life of the metals, change of the

relationship between the fracture process development stages in

copper, and increase of the deformation for transition from the

F region to the H region are consequences of this basic influence,
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The influence of vacuum on'the fatigue fracture process of

copper begins in the early cyclic loading stages and does not

amount simply to localization of oxygen interaction with the

freshly formed surfaces at the crack tip as. the crack advances,

Fatigue fracture in the pure form is not basically a crack

propagation process, as is usually thought on the basis of

experiments conducted in air, In vacuum, the fracture stages

prior to initiation of crack propagation constitute.a considerable

portion of specimen fatigue life (for example, about 50% of the

fatigue life of copper).
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INFLUENCE OF LOW TEMPERATURES ON FRICTION AND WEAR

V. F. Udovenko and G. N. Presnyakova

A brief review of studies on low-temperature friction is
presented. A facility and technique for studying friction both
in air and in vacuum at temperatures of +200 and -1900 C is des-
cribed. Results of a wear study of 110 Gl3L structural steels
operating together with 40Cr steel are presented. It is shown
that reduction of the test temperature in vacuum leads in certain
cases to marked increase of the wear magnitude and friction
coefficient, which is associated not only with the general change
of the mechanical properties of the materials but also with the
influence of temperature reduction on the hardening and structure
formation which take place in the surface layers during friction.

The development of cryogenic technology and exploration of /38
outer space and the far north are expanding the field of applica-

tion of machines and mechanisms operating at low temperatures.

As is well known, temperature reduction leads to marked change of

the physical and mechanical properties of materials. In the

metals, there is restructuring of the crystal lattice and some

materials experience phase transition into the solid state, which

may be accompanied by abrupt change of the mechanical properties,

and the nature of the plastic deformation, magnetic, thermoelectric,
and other physical properties change [1, 2].
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Since the wear resistance of friction pairs is determined by

the mechanical properties and the ability of the material to form

efficient secondary structures, which is directly associated with

the physical properties of the material, temperature reduction may

have significant influence on friction behavior and wear dynamics.

Of particular interest is study of the friction process at low

temperature in vacuum, under conditions of degraded heat rejection

and absence of an oxidizing medium, since transition to vacuum

leads in itself to change of the friction properties of materials.

In spite of the urgency of the problem, very little study has

been made of low temperature friction. In connection with the

specific nature of the operation of friction pairs and components,

the studies on friction at cryogenic temperatures are subdivided

into studies in liquified gases, in inert gas atmospheres, and in

vacuum. Most studies have been devoted to investigations of

friction of the pure metals. The results of many of these studies

are contradictory [3, 4, 5]. The structural steels have received

far less study. Among the significant studies we can mention

that of Golego [6] on friction of steel 45 in air and in an argon

atmosphere with liquid nitrogen cooling of the specimens, and the

study of Dychko [71 on friction of steels under Siberian winter

conditions (air, temperature -25 to -300 C).

We designed a facility and developed a testing technique to

study the wear mechanism at low temperatures in various gaseous

media and in deep vacuum, and also to determine the efficiency

of a broad class of materials (metals, alloys, plastics, etc.). /39

The facility is a high vacuum chamber within which there is

located a miniature low temperature friction testing machine

(Figure la). The vacuum (down to 10- 9 tor) in the chamber is

created by cryogenic condensation pumps. Annular condensation

pumps which surround the object under test to the maximal extent
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al __

Figure 1. Schematic of high vacuum
facility for studying friction and
wear (a) and schematic of low
temperature friction machine (b).

In (a): 1, 11- clamping rings;
2, 8- chamber covers; 3- vacuum
manipulator; 4- nitrogen trap;
5- louvers; 6- antimigration
device; 7- shaft input unit; 9-
shielding surface; 10- rubber seal;
12- cryogenic hydrogen pump; 13- bl
chamber case; 14- nitrogen shield,

possible and shielding of the surfaces from room temperature by

means of a nitrogen shield are used to reduce the backstreaming

coefficient (approach to the ideal vacuum conditions, when a
molecule leaving the test object does not return to the object
[8]). At the same time, the nitrogen shield acts as a highly
efficient condensation pump for gases with high vapor pressure,
particularly the hydrocarbons [9]. The use of the nitrogen
shield makes it possible to reduce the pressure in the working

-8space to 2 - 3 ' 10 tor. Further pressure reduction is
achieved with the aid of a cylindrical cryogenic pump, which can
be cooled to liquid hydrogen and helium temperatures. The pre-
liminary pressure reduction in the chamber is created by fore-
vacuum and diffusion pumps.
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The miniature low temperature friction testing machine

(Figure ib) is made in the form of two coaxial units: the shaft

input unit and the vacuum manipulator, mounted, respectively, on

the lower and upper chamber covers. In designing this machine,

we considered the peculiarities of specimen cooling in vacuum.

The absence of convectional heat transfer and heat transport in

vacuum leads to a situation in which change of the specimen tem-

perature can take place only as a result of contact with cooled

structural elements and radiant heat transfer. Contact of the

body with the coolant occurs only at individual points; therefore,

specimen cooling in vacuum with significant reduction of the heat

transfer will be a very long process. In the case of friction of /40

cooled specimens, when high local temperatures develop, there is

danger of specimen heating. Therefore, when studying the friction

process at low temperatures in vacuum, it is necessary to cool

both elements of the friction pair in order to ensure adequate

removal of the heat evolved during operation.

The moving specimen (ring) is mounted on the end of a rotat-

ing shaft which is inserted through the lower cover of the chamber.

The shaft is driven through a V belt transmission from a multistage

reducer located outside the chamber, which permits stepwise change

of the specimen speed from 0 to 1000 rpm. The ring is cooled by

liquid or gaseous coolant (nitrogen) which is fed into the copper

vessel 1, coupled with the hollow shaft through the heat bridge 2,

which is a teflon washer. The filler tube 3 is bonded through

the heat bridge 8 to the lower end of the shaft. In the upper

portion of the shaft, there are ports for evacuating the space

between the filler tube and the shaft. The seals 4 and 6 are

cooled by means of the copper sleeves 5 and 7, seated on the

filler tube.
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The stationary specimen (indentor) is attached to the vacuum

manipulator which is mounted on the upper cover and is intended

for transmission of normal load to the friction pair and measure-

ment of the friction torque by the "entrainment" method. The

indentor is cooled by the same technique as the ring. Mounting

of the specimens directly on the nitrogen vessel provides good

thermal contact, which is achieved not only by forcing the speci-

mens together, but also by using Wood's alloy to fill the recess

in which the specimens are seated. The friction force is measured

by a dynamometer or by a force friction measuring instrument [10],

located outside the chamber. Transmission of the friction torque

from the vacuum to the measurement system is accomplished by the

vacuum manipulator, whose own friction torque can be small enough

so that the error resulting from this torque will be slight,

The specimen temperature is measured by chromel-kopel thermo-

couples and recorded by a potentiometer. The indentor temperature

can be measured throughout the entire experiment; that of the ring

can be measured only prior to

initiation of rotation. It was
6 22 f 24 J T, minJ

- II found (Figure 2) that the specimen

S--inden tor temperature reaches -1900 C 25 to

-120 rinl 30 minutes after initiating nitro-

gen flow into the holders of both

-- - specimens in the case when the
'-200

specimens are not bonded using

Figure 2. Specimen tempera- Wood's alloy. However, if only

ture versus cooling time. one specimen is cooled (either ring

or indentor), the temperature of

the other specimen which is brought into contact with the first

will be considerably higher than -1900 C. As will be shown later,

the wear magnitude and friction coefficient will be different than

in the case when both specimens are cooled, By regulating the
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nitrogen flow into the specimen holders, we can obtain any

intermediate temperature from 0 to -1900 C.

This design makes it possible to conduct tests of materials

over a wide range of conditions. On the one hand, the design pro-

vides the possibility of varying specimen temperature at +20 and

+100 to -1900 C and the ambient temperature; on the other hand, it

is possible to vary the gaseous medium composition by pumping the

selected gaseous medium through the inflow valve into the chamber

under varying pressure - from atmospheric to 10 7 tor.

This technique was used to study wear resistance of materials

under conditions simulating the far north (dry air, temperature

-60 to -800 C), and in high vacuum at +20 and -1900 C. For the

study, we selected the 11OGlZL high manganese austenitic steel, /41

which is widely used in machines and mechanisms operating in the

north. We studied the wear resistance of the 11OGlZL steel in

friction with bonded abrasive and dry friction of 11OGlZL steel

on 40Cr steel.

The experimental setup was the same in both cases, We

tested an open friction pair consisting of ring and indentor with

overlap coefficient close to zero with 5.2 kG normal load on the

friction pair.

When studying abrasive wear, the indentors were fabricated

from 11oPlZL steel and the rings were pressed abrasive (sand).

These tests were conducted at a single sliding velocity vsl =
0.44 m/sec along a friction path of 500 m, The tests results are

shown in Table 1.

The greatest ring and indentor wear occurred for specimen

friction in a dry cold air atmosphere, and the friction coefficient

in this case varied considerably in the indicated limits. Wear in
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TABLE 1

RESULTS OF 11OG1ZL STEEL TESTING WITH ABRASIVE

IN AIR AND VACUUM

Test Conditions Friction Wear, g/km Indentor
coefficient friction

Medium t, oC Ring Indentor surface
micro-
hardness,

2

Hd, kG/mm

Vacuum 7-7 95 * 10 tor -190 0.27 0.3 984 0.1238 890

Vacuum 7  Very
5 10-7 tor +20 0.88--0.98 little 0.1022 860

Dry air -60- -80 0.39--0.67 1.1496 0.2560 600

Air +20 0.69-0.74 0.6630 0.1770 590

vacuum and in vacuum with cooling was less than in air, while

wear in vacuum at -1900 C was somewhat greater than at room

temperature. Measurements of friction surface microhardness

showed a greater degree of hardening for testing in vacuum than

in air. Comparing the magnitudes of the wear and working surface

hardening, we can assume that the reduction of steel wear for

testing in vacuum is explained by the more intense hardening of

the surface during friction. It is interesting to note that the

abIrasive itself wore differently in the conditions investigated.

It is probable that the properties of the abrasive itself change

with transition to vacuum, probably as a result of dehydration.

In the investigation of 11OGlZL steel dry friction on 40Cr

steel, we studied the influence of sliding velocity (in the

velocity interval from 0.11 to 0.75 m/sec). The indentors were

made from 11OGlZL steel (basic structure austenite) and the

rings from 40Cr steel (basic structure martensite). The wear

was determined along a one-kilometer friction path for the same

normal load as in the first case, namely 5.2 kG. The experimental

data obtained are shown in Table 2.
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TABLE 2

RESULTS OF 11OGlZL STEEL TESTING WITH 40Cr STEEL

AT ROOM AND LOW TEMPERATURES IN AIR AND IN VACUUM

Test conditions Wear, g/km Friction
sl coefficient

Medium t, OC Indentor Ring
m/sec

0.11 Vacuum 5 10- tor +20 0.0027 0.1632 0.6-0.7

-190 0.0050 3.3626 0.95

-190* 0.0122 0.7572 0.75-0.85
+20

+20 0.0087 2.2268 0.95
-190

Air +20 0.0060 0.0021 0.56

-190 0.0073 0.0018 0.56
-70.21 Vacuum 5 ' 10 tor +20 0.0028 0.0600 0.58

-190 0.0077 2.2726 0.8-0.9

Air +20 0.0102 0.0063 0.47-0.57

-190 0.0087 0.0017 0.45
-70.44 Vacuum 5 ' 10 tor +20 0.0014 0.0497 0.52

-190 0.0027 0.0430 0.52

Air +20 0.0114 0.0028 0.59-0.75

-190 0.0083 0.0004 0.43
-7

0.75 Vacuum 5 ' 10 tor +20 0.0097 0.0172 0.78

-190 0.0047 0.0185 0.58

Air +20 0.0082 0.0020 0.5

-190 0.0133 +0.0008 0.4

*Numerator is indentor temperature, denominator is ring
temperature.

On the basis of the Bowden-Kragel'skiy adhesion-deformation

theory of friction, we can assume that, with reduction of the test

temperature, the adhesion component of the friction force and

consequently the friction coefficient will decrease because of

metal surface hardness increase. In fact, this occurs in friction
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of the pure metals [11]. However, we obtained contradictory

results in the case of steel friction. It is likely that, in the

heterogeneous systems, where structure formation and surface phase

hardening during friction become important, there are peculiarities

which influence the dynamics of the process. The data of Table 2

indicate significant increase of 40Cr steel wear when transition-

ing to operation in vacuum at low temperature, while 11OGlZL steel

wear increases, but to a far smaller degree. We explained these

results from the viewpoint of the theory of active layer hardening

and softening during friction. In order to determine the degree /42

of working surface hardening, we measured the microhardness on

a PMT-3 instrument, and the active layer phase composition change

was determined by x-ray structural analysis and metallography [12].

Since the characteristic feature of 11OGlZL steel is formation of

deformation martensite (a" phase) as a result of deformation and

the amount of this phase depends on the degree of deformation and

temperature, this quantity can serve as an indicator for deter-

mining deformation intensity. It was found that the largest

amount of a" phase is formed on the friction surface during

testing in vacuum with cooling, which indicates the more intense

hardening of the surface of this steel during friction under /43

these conditions (Figure 3).

In comparing the wear data with the data on working surface

hardening (Figure 4), the increase of 40Cr steel wear at low

sliding velocities at -1900 C was explained not only by general

embrittlement of the material with transition to negative tempera-

ture, but primarily by the absence of conditions for formation of

a hardened protective layer on the friction track because of low

plasticity of the basic structure. In this case, the thermal

asymmetry of the friction pair became important, The external

appearance of the friction surface (Figure 5) made it possible

to suggest the following wear mechanism. The particles which

harden to some degree and flake off from the ring surface embed
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Figure 3. Influence of Figure 4. Hardening of ring
friction conditions on surface after friction under
formation of deformation different conditions.
martensite in indentor -7
working layer. 1- vacuum 5 10  tor, t =7 -1900 C; 2- air, t = -1900 C;
1- vacuum 5 ' 10 tor, 3- vacuum 5 10-7 tor, t =
t = -1900 C; 2- air, t = +200 C; 4- air, t = +200 C.
-1900 C; 3- air, t = +200 C;
4- vacuum 5 " 10-7 tor, t =
+200 C.

Figure 5. External view of friction surface after operating in
vacuum at t = -1900 C (v = 0.11 m/sec) x 4.

a- ring; b- indentor.

themselves into the softer indentor surface and, acting like an

abrasive coating, cut the ring,
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It was found that test temperature reduction in vacuum leads

to increased wear only up to a quite definite sliding velocity

(0.44 m/sec). It is possible that, even at this velocity, the

conditions at the friction surface (primarily temperature) become

the same when testing both with cooling and without cooling, This

assumption is indirectly confirmed by the same magnitude of the

wear and friction coefficient and the same external appearance

of the working surface.
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INFLUENCE.OF DEGREE OF AMBIENT MEDIUM RAREFACTION ON

DEFORMATION OF COPPER AND ALUMINUM

I. M. Lyubarskiy,. A. A. Guslyakov, A. V. Ashukin,

and V. I. Kuleba

The influence of high vacuum 1 * 10 - 9 torr on the plastic
deformation of copper and aluminum is studied. When stretching
polycrystalline aluminum and copper specimens in vacuum the'
deformation at failure increases and the.ultimate strength de-
creases. Deformation in vacuum is accompanied by the evolution
of hydrogen. For copper, gas evolution is observed only at
failure, while for aluminum hydrogen evolution takes place in
the initial stage and the gas evolution peaks correspond to small
steps on the deformation curve.

It is well known that reduction of the surrounding gaseous /44

medium pressure may lead to change of the strength characteristics

of metallic materials. For example, for monocrystalline aluminum,

whose specimens were oriented so that during tension in air the

first hardening stage was absent, deformation in 10 - 10 tor

vacuum led to the appearance of the first hardening stage and

reduction of the slope of the second hardening stage. For poly-

crystalline aluminum specimens, the yield point decreased and

the total elongation to failure increased [1, 2]. For polycrys-

talline molybdenum,pressure reduction to 10- 10 tor did not

influence the yield point, although it did lead to increase of

the deformation to failure by 30% [3, 41].
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During deformation of molybdenum, aluminum, and magnesium

in vacuum [3, 4], release of hydrogen and methane was observed

and the gas evolution peak corresponded to the elastic limit.

This effect of high vacuum can be explained by the somewhat

different behavior of the disolcations in the near surface layer

[5 -- 7 in comparison with their behavior under atmospheric

conditions.' Actually, the surface influence shows up in the

development of an effective stress field which hinders 'dislocation

movement in this layer. The presence of oxide and other contami-

nating films on the surface causes additional increase of the

height of the potential barrier which the dislocations must over-

come to emerge through the surface [17]. This leads to inhibition

of metal plastic flow. Moreover, the stress concentration in the

near surface layer resulting from the presence of the contamina-

ting films facilitates crack formation, which causes failure at

considerably smaller deformation than in the clean metal surface

case [5]. Therefore, during deformation under high vacuum

conditions, when the formation of oxide and other contaminating

films is inhibited, we should observe increase of the plastic flow

and increase of the deformation prior to failure. The gas evolu-

tion during deformation can be explained both by gas desorption

from the surface as a result of surface stresses [3, 4], and by

gas evolution from the interior during microcrack formation,

entrainment of gaseous atmospheres by dislocations, and so on,

In this connection, study of metal plastic deformation in high

vacuum with simultaneous determination of gas evolution from the

specimens is of definite interest.

The experimental setup for studying the influence of vacuum

on the plastic properties (Figure 1) consists of a chamber and

evacuation unit with cryogenic helium pump surrounded by a nitro-

gen shield, both of which can be heated to 4000 C. The roughing

evacuation system consists of a forevacuum pump and two diffusion
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" 3 pumps connected in series [8]; this

S' .2 system is connected with the evacu-

To ation unit only during its pre-To

L -diffusionj heating period in order to reduce

T ,'and contamination by oil decomposition

- - forevacuum products. The evacuating unit

makes it possible to obtain a
-10

Figure l.Schematic of setup. pressure of 5 8 10 tor with

inflow 10 liter/tor/sec.1- helium condensation pump; inflow 10 iter/tor/sec.
2- shield; 3- evacuation
unit; 4- tensile testing
machine; 5- bellows; 6- A miniature tensile testing /45

chamber; 7- specimen; 8- machine of the rigid type [91,
ROMS-1 mass spectrometer mounted on the upper flange of thesensor; 9- dynamometer.

chamber, was used to stretch the

specimen. The machine provides loads up to 200 kG at four con-

stant strain rates, which can be switched during the deformation

process. The load is transmitted into the chamber by a rod

connected by a biaxial universal joint with the drive screw of

the tensile testing machine reducer. The metering dynamometer

is an elastic element of tubular form. In order to avoid out-

gassing of the resins which protect the strain gages against the

influence of the ambient medium, the dynamometer is located out-

side the chamber and is rigidly connected with the lower rod and

cylinder. The rod is sealed by a bellows. Since the dynamometer

deformation is small, the bellows stiffness does not change during

measurement and has no influence on measurement accuracy. The

effect of atmospheric pressure on the load magnitude is determined

by calibrating the instrumentation system prior to the experiment.

Since the experiment is brief, atmospheric pressure changes can

be neglected.

In order to monitor residual gas composition and determine

gas evolution magnitude during deformation, an ROMS-1 [10] mass

spectrometer sensor was located in the working chamber in the
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immediate vicinity of the specimen, which increases gas evolution

determination accuracy. For quantitative analysis of the partial

components of the gases evolved during deformation, particularly

H2 , the setup was calibrated by the constant pressure.method using

diaphragms with orifices of different sizes mounted in the line

connecting the working chamber with the evacuation unit.

The commercially pure polycrystalline copper and aluminum

specimens tested had section 5 x 1 mm 2 and working length 18 mm.

In order to relieve the stresses which arise during machining,
-6

the specimens were first annealed in vacuum 5 ' 10 - 6 tor Caluminum

at 4000 C, copper at 7000 C). Deformation of the specimens was

accomplished at room temperature with constant deformation rate
1 -L4 -1

= 8 10 sec-.

Figure 2 (upper part) shows the hardening curves obtained

as a result of statistical analysis of the tension diagrams. We

see from the figure that the deformation prior to failure in
-91 ' 10 tor vacuum for aluminum is 10% higher than in air, while

for copper the deformation in vacuum is 8% higher than in air,

Figure 2 (lower part) shows the statistically analyzed hydrogen

evolution curves. Outgassing was observed for the copper speci-

mens only at the instant of failure. In the other tension stages, /46

the hydrogen evolution, if any, did not exceed the instrument

error and merged with the background.

For the aluminum specimens, hydrogen evolution was observed in

the initial stage. The gas evolution peak corresponds:to approxi-

mately 3 - 4% deformation. Gas evolution peaks are observed at

failure for the aluminum specimens, just as for the copper

specimens.
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At

. 0.6 t ' .6

and in vacuum 1 109 tor air and hydrogen evolution

vacuum and hydrogen evolution curve.
curves.

Figure 3 shows the-tensile-curves.of alumi-num in vacuum

and in air and the hydrogen evolution curve (dashed line). On

the tension curve in vacuum, we see small steps which are not

present during deformation in air. Each small step corresponds

to a hydrogen evolution peak.

Metallographic studies of the specimens showed that during

deformation in vacuum, the number of slip bands increases and the

bands become finer and more uniformly distributed,

The strengthening action of surface films is determined by

many factors which determine the nature of the interaction of

these films with dislocations. In fact, the data of mass spectro-

metric measurements of residual gas composition indicate that in

the bakeable vacuum chamber with cryogenic evacuation systemy even

at a pressure of i 10 -7 tor, when the influence of vacuum on

deformation is not yet marked, the oxygen content is insufficient

for formation of an oxide monolayer on the freshly formed surface
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in the course of the experiment time. Therefore, we can assume

that the strengthening action of oxygen shows up, even for coat-

ings amounting to a fraction of a monolayer. This can be explained

by the fact that the clean metal surface is nonuniform in its

properties [11] and oxide formation begins at low oxygen concen-

trations in individual regions having high chemical activity [12],

possibly at dislocation emergence locations, In addition, the

adsorbed gas films are probably also responsible for the strength-

ening effect. Since desorption of these gases depends significantly

on the degree of rarefaction [13, 14], their influence may show

up at lower pressures than the effect of oxygen.

The presence of the small steps on the deformation curves

can be explained by simultaneous emergence of dislocation groups

which were retarded by the surface and were located in the near

surface layer. The emergence of such dislocation groups in alum-

inum is accompanied by entrainment of their gaseous atmospheres.

This shows up in the appearance of the gas evolution peaks. With

further deformation, the gas evolution decreases because of the

fact that the dislocations begin to separate from their gaseous

atmospheres. The gas evolution peak at failure is associated

with gas evolution from the interior.

The absence of gas evolution in the initial stages of

copper deformation makes it possible to assume that, for copper,

the gaseous atmospheres are relatively weakly coupled with the

dislocations. Therefore, even small stresses lead to separation

of the dislocations from the gaseous atmospheres and their entrain-

ment by the moving dislocations practically does not take place.
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FRICTION AND WEAR CHARACTERISTICS OF CARBON STEELS IN VACUUM

B. I. Verkin, I. M. Lyubarskiy, V. F. Udovenko,

and A. A. Guslyakov

The nature of carbon steel friction and wear under vacuum
conditions is described within the framework of general friction
and wear theory. Friction is considered a dynamic process and
wear is considered to be the result of a continuous sequence of
transitions of the friction surface material from one state into
another.

,The friction process in vacuum is characterized by several /47

peculiarities associated with change of the physical and chemical

processes of ambient gaseous medium interaction with the material

of the friction pair. The absence of or at the very least, partial

removal of the protective films, presence of direct metallic

contact of the friction surfaces, and change of the heat transfer

nature and other factors during friction in vacuum lead to

increase of the adhesional component of the friction force and

change of the wear mechanism. The thermodynamic and kinetic

parameters change significantly and these changes, in turn,

influence the structural and phase changes during friction in

vacuum.
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. .In order to clarify the

general laws governing the influ-

0 6 ence of vacuum on friction and

I .4 - wear characteristics, we conducted

S-- under the guidance of B. I.

' Verkin and I. M. Lyubarskiy -
- 0 2 e studies of the friction and wear

- process of carbon steels (steel 45

Figure 1. Wear of steel 45 and U8) over a wide range of velo-
indentor and ring for vari-indentor and ring for va- cities (0.1 - 6.3 m/sec) andous sliding velocities.
- ring wear, vacuum 10- 7  pressures (760 - 10 tor) for

tor; 2- indentor wear, an asymmetric ring indentor fric-
-7vacuum 10 tor; 3- ring tion pair with overlap coefficient

wear, atmosphere; 4-
indentor wear, atmosphere.

Figure 1 shows the results of the studies made on steel 45.

From comparison of the curves, we see significant influence of

the medium on wear magnitude.

Under atmospheric conditions, asymmetry of the friction pair

elements has no significant effect on the wear process: maximal

wear of both the ring and indentor is observed at low sliding

velocities. With increase of the sliding velocity, the ring wear

magnitude decreases sharply and becomes minimal. For velocities

above 4 m/sec, we observe transfer of the indentor material to

the ring. This wear process in air can be explained by the

temperature conditions at the friction surface, which change both

the oxidation process kinetics and the physical and mechanical

properties of the metal.

During friction in vacuum, the ring wear is considerably

less than in air throughout the entire velocity range studied.

The wear reaches a maximum at low velocities, approximately 0.65

m/sec. Then it decreases smoothly, passes through zero, and
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becomes negative because of indentor material transfer to the

ring. On the whole, the ring wear process in vacuum is similar to

ring wear in air.

Indentor wear in vacuum differs markedly from its wear in

air: the wear becomes minimal rather than maximal at low velo-

cities. In the velocity region 1.4 - 2.2 m/sec, we observe a

definite wear maximum, then it decreases smoothly, remaining

higher than in air.

Our results agree well with the data of Mies, who studied

flat surface friction of similar steels in 10 -- 10- 5 tor

vacuum for low sliding velocities (0.07 - 1.19 m/sec). The

specimen wear in flat surface friction is similar to the ring

wear in our case.

The observed behavior of the wear curves of asymmetric

friction pair elements can be explained by the kinetics of the

structural and phase transformations at the friction surface.

For low sliding velocities (up to 1.3 m/sec), the hardened /48

layer (specifically, the white zone) forms earlier on the inden-

tor than on the ring. At a sliding velocity of 0.65 m/sec,

conditions are realized on the ring friction surface which favor

hardened layer formation and wear reduction. This leads, in

turn, to rapid destruction of the hardened layer on the indentor

and marked increase of its wear. With further increase of the

sliding velocity, the friction surface is heated to a high

temperature, at which the hardened layer does not form, and the

plastic and adhesional properties of the metal increase. As a

consequence of this, the mutual transport from one friction pair

element to the other increases. The indentor mass wear decreases

while the ring wear becomes negative. Further development of this
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rMg process leads to a situation in

t-°P tor_-_-_ _ which the magnitude of the inden-

2 f tor wear becomes equal to the

ring weight increase, i.e., the

overall mass wear of the friction

pair becomes equal to zero.

.10 - 1-r The influence of the medium

Figure 2. Mass wear of steel on wear magnitude is different
45 indentor for various5 indentor for various for different sliding velocities.
sliding velocities.

1- 2.4 m/sec (720 rpm); 2- We can see this by examining the

0.24 m/sec (72 rpm); 3- 1.4 dependence of indentor wear
m/sec (420 rpm). magnitude on vacuum level for

different sliding velocities (Figure 2). The selected velocities

correspond to minimal indentor wear in vacuum, equal wear of the

indentor and ring, and the maximal indentor wear. We see from

the figure that regions of gaseous medium pressures (1 - 103

tor) exist which are critical in regard to wear magnitude,

Characteristic for low sliding velocities is reduction of the

wear magnitude with vacuum depth, while for high velocities

increase in comparison with the wear in air is typical. It is

interesting to note the characteristic wear for the velocity

1.26 m/sec (velocity of equal wear of indentor and ring in

vacuum): the wear remains low in both air and vacuum, although

its nature changes markedly. Metallographic investigations showed

that hardened structure formation depends significantly on the

ambient pressure. For those sliding velocities for which the

hardened structur forms, the higher the vacuum, beginning with
-l

10- 1 tor, the more clearly this structure forms.

Hardened structure formation has considerable influence on

the friction coefficient as well, since the hardened structure

which is formed reduces the adhesional properties of the steel

and reduces the friction coefficient correspondingly.
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For steel U8, we observe the same wear patterns, with the

difference that the characteristic points (peak ring and indentor

wear, point of equal ring and indentor wear) are shifted somewhat

on the velocity scale. The results obtained indicate the follow-

ing:

1. In spite of the fact that wear in vacuum differs from /49

wear under atmospheric conditions, the wear mechanism in vacuum

can be explained on the basis of the adhesional-deformational

theory of friction.

2. The adhesional component of the friction force begins

to play the dominating role upon reaching a definite total pres-

sure of the gaseous medium, when the rate of protective oxide

film breakdown becomes commensurate with its rate of formation.

3. The structural changes which lead to hardened layer

formation alter the magnitude of the adhesion and thereby alter

the nature of the friction and wear process.

4. Thermodynamic asymmetry of the friction pair may lead

to different structural transformations on the indentor and ring,

which leads to difference in the nature of friction and wear in

vacuum.

5. Change of the medium in which the friction and wear

process takes place leads, in accordance with the general laws

of physico-chemical mechanics, to changes of the mass wear

relationships.
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THERMAL REGIME AND TEMPERATURE STRESSES IN BODIES

DURING THERMORADIATIONAL HEATING

N. V. Chistop'yanova and V. L. Chumakov

An approach is developed to the application of the perturba-
tion method for the solution of problems with essential external
nonlinearities, based on identification in the boundary condition
of a small nonlinear complex which is considered a perturbing
function. The solutions obtained in the first approximation with
error of 1-2% in calculating the unsteady temperature fields are
then used to determine the temperature stresses and deformations
in solid bodies of classical form.

The development of modern technology and particularly space /49

engineering has led to the necessity for solving several new

problems of heat conduction, particularly problems with nonlinear

boundary conditions. Closely associated with these problems are

studies of the stress state and the strains caused by nonuniform

heating of structural details and assemblies under conditions of

large temeprature gradients.

Heat transfer by radiation is exceptionally important in

space vehicle calculations, since in airless space, there is no

convective heat transfer during vehicle heating from the Sun and

other external sources. A literature survey of the questions

associated with radiational heating of bodies in space is pre-

sented in [1].
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In order to study the thermoelastic stresses and strains,

which is necessary for ensuring safe thermal loads with the lowest

possible strength margin, we need to know the unsteady temperature

distribution. When solving nonlinear heat conduction problems,

we use approximate (numerical or analytic) techniques whose

effectiveness depends on many factors. Recently, considerable

attention has been devoted to the development of analytic methods

which can compete successfully with the numerical methods for

engineering calculations.

The characteristic feature of the present paper is study of

the approximate solutions of the thermoradiational heating prob-

lem obtained on the basis of the disturbance method and the

reduction of these solutions to a form convenient for use in the

thermoelasticity problem.

Let us examine the dynamics of solid body heating by radiation

with the boundary condition written, in the dimensionless form:

(V0)s= Sk ( -0 (1)

where .0= TI/T is the dimensionless temperature; Sk = (caTcR)/X

is the Stark number; aa is the apparent radioactivity; Tc is the

temperature of the medium; R is the defining dimension of the

body; A is the thermal conductivity; the subscript "s" refers

to the surface of the body.

We write (1) in the form /50

(VO)]= Biz (q) [I + (D q)- , (2)

where

Biz = Sk( 1 +qq (3)
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and the function

(D(O~1 q) = [OS 0 q (1 - 0]/(,1 ( )

is the nonlinear part of the condition (1). The linearization

parameter q introduced here should be selected so that the influ-

ence of the parametric function D on the problem solution will

be minimal. For this, it is necessary to set

qO s + ~0± (l (5)

For convenience of practical calculations, we can take as

the quantity q the integral mean value of the polynomial (5)1

I --.. . ..

112Sq l 3(O62+ 0 3 ) dO1=- [13(1 +O. +8 O7+3Oi)], (6)

where e. is the initial temperature.

We shall consider the nonlinear parametric function @(es, q)

as the "disturbing" function. We introduce into the condition

(2) the perturbation parameter E(O E 1):

(VO!,s= Bix (q) [I + eCD(0 i q) - 8Os, (7)

For 6 = 1, the condition (7) is identical to the original

nonlinear condition (1), while for E = 0, we have an "unperturbed"

linear condition in the form of a boundary condition of the

third kind, for which the basic solutions 60 of the thermal

conduction problem for bodies of classical form are known,

Following the perturbation (small parameter) method, we

seek the solution of the nonlinear problem with the boundary

condition (7) in the form of the asymptotic expansion
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S0 (e) =+ OEm (8)

where the corrections 6m(m = 1 2, ...) to the basic solution 60

are subject to determination.

Grouping terms of the same order in Em (m = 0, 1, ...) and

requiring that the coefficients of Em all vanish individually for

each m, we obtain a sequence of homotypic linear boundary value

problems. Integration of these problems on the basis of the

lower solutions 60, 61' " em - 1 yields the values of the

corrections 0 of Em in the expansion (8). Here, it is assumed
m

that the perturbation EA (0s, q) is small in comparison with

unity in the condition (7), which ensures satisfaction of the

inequalities e0 >> 61 >  2 > ..., i.e., the corrections to the

basic solution (zero approximation) will amount to a small per-

centage of the sought temperature 6.

The functions

m [n(), q6= (m-l ) (n= 1,2, ...) (9)

S- (m- 1)1 0 m-I O=e=o

appear as variable temperatures of the medium in the boundary

value problems em (m = 1, 2, ...). The solutions of these prob-

lems can be obtained on the basis of the Dhamel theorem [2],

which is valid for a body of any geometric form

Fo

O_(_ (P F))\
m (P, Fo)= (D, (Vo -- O) ( (Pl' I d , (10)

0

where P = P(x, y, z) is a point of coordinate space; Fo = aT/R 2

is the Fourier number (a is the thermal diffusivity, T is time).
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The relative excess temperature, for example, for bodies of /51

classical form (plate, cylinder, sphere) with form factor r (equal

to 1, 2, 3, respectively) may be written in the form [2]

00  , Fo) - M.(X) exp(- Fo) (11)

where

A. cos pnX, pC, tg p .= Biz, r 1;

M (X) Alo (p.X), p..= Biz i (), = 2; (12)I ((X)X 1i (I-n)

A in inX Pn = 3;A. Sl 'nX tg Bi --- 1

X = x/R is the dimensionless coordinate,

In (12), the corresponding thermal amplitudes A n ( nj) also

depend on "
2 sin n r= 1

Ln + sin it, cos It, '

n [2 ) ( .) + 2(P) ,  2 (13)
2 (sin p~ - p-nCOSp) ,)
kpn-sin ncs ftn  '

1 0 (z) and I1(Z) are Bessel functions of the first kind of zero

and first order, respectively.

For engineering applications, we are interested not so much

in the theoretical convergence of the series (8) as in the error

which is made when we retain a segment of the series (usually

two or three terms) for E = 1. In order to evaluate the error

of the proposed technique, we selected the usual technique of

comparing the approximate solutions with those obtained on

computers.
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al b]

Figure 1. Dependence of relative excess temperature at the
center (a) and surface (b) of plate on values of the criterion
,Fo([the solid curves are the solution obtained on a digital
computer [3]; the dash-dot curves are the solution of the
"unperturbed" problem, "zero" approximation; the filled circles
are the first approximation calculated using (18)],

We shall consider examples of heating of bodies of different

form.

Example 1. Heating of an infinite flat plate by radiation

in the variation range of the criterion Sk (0.5 --- 4.0) with

initial temperature 0. = 0.2.

Figure 1 shows the results of calculation of the relative

excess temperature for the center (X = 0) (a) and surface (X = 1)

(b) of the plate using the proposed technique in comparison with

the numerical solutions [3].

The solutions of the "unperturbed" problem (E = 0) differ

from the tabulated values presented in [3] for the variation

range 0.2 ! Fo I 2.0 by no more than 4 - 7%. For the center

of the plate, this error decreases with increase of Sk. For

Sk > 4.0 (Bin > 10), the temperature distribution becomes close /52

to that in the problem with boundary condition of the first kind.

The error of the first approximation

93



O0 (X, Fo)= 00 (X, Fo) + 08 (X FO)I C(14

is 1.0 - 1.5% for Sk = 0.5 and less than 1.0% for Sk > 0.5,

For convenience in calculating the first correction, the

function ¢1 (Fo, q) is approximated by the relation

D (Fo, q) = 1. - (OU - I. exp(- bFo),

for which (10) takes the form

,(X,.F .r 0 o(X, Fo) -- 0
I q 0- I -b Fo

exp( Fo) - exp( bFo) (15)
I - lMib (/ , X 5

where 3- -

=(l+q) max D(O0 , q); b= - In . (16)
.~ Fo5 oo FO' . - D

Here, Fo' is the quantity for which O[0o (Fo')'.q]=O .(Oo -l).j

For definite values of Sk (and correspondingly, b) and

moments of time when

exp [(pI - b) Fo] - I < 1,

Formula (15) simplifies and becomes more exact for large Fo

01 (X, Fo) I 1 [ 0 (X, Fo) - I + [o (Fo), C17

Thus, in the considered example, Sk 1 1.0 and Fo > .0,3, we

can, with first approximation error on the order of 1%, use (17).
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The analogous calculation made for an infinite cylinder with

Sk = 1.0, 0. = 0.2 showed that the difference between the temper-
1

atures Ge(X,,Fo0 (x=o--0)and the values presented in [3] for 0.1<Fo<I.0,J

amounts to no more than 4%, which indicates adequate engineering

accuracy even in the zero approximation (solution of the linear-

ized problem). The maximal error in calculation of the first

approximation.'0(x,\.Fo) does not exceed 1.5%. The error in the ,

solution of the linear problem (q8=0o)1 for X = 0 and X = 1

reaches 18.7% and 21%, respectively.

The simple form of the solutions (11), (15), and (17) makes

it possible to calculate the temperature distribution without a

digital computer and determine the thermal stresses and displace-

ments in solid bodies.

Let us examine the thermoelasticity problem for a sphere,

taking as the basis the solution of the nonlinear thermal prob-

lem, which in the first approximation finally takes the form

0')(X, Fo) I -(- YMn (X) exp (-- Fo) + ({{. 1

(18)- M.(X) exp(Fo) + (-. .1 exp(- bFo)-

_ exp (-2 Fo) - exp (- 6Fo)
E L~/ M (X) .
n=1 I- 1nb.

Then the unsteady thermal stresses which arise in the sphere

as a consequence of nonuniform heating and also the radial dis-

placement [4] are defined by the formulas

ox =4.aT, I(r) -- , O<X.<1; (.9.)

S=o=~I2ta . I (X) - 21 (1) 0(lB) (X, Fo) O<X;\
S(20)
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3 2 + 2 I (X)+1 I2v(1 O

(21)

For X = 0, u = 0.

a e(0)- ax(0)= a(0) = 4paT 3 + 2L 1i(i) - 0 (0, Fo) (22)

where

+ (X) + (DVI+q i 3 H(X)+(- (--
n=l n

Sexp2(-2Fo)-exp(-bFo) (23)
-exp (-b Fo)) - ! A H(X) (2

n=1 1 - n/b An

H (X) = sin ,x - Xt, cos, (1)(X)S2. () (X)
n IX=I

Here a is the coefficient of linear thermal expansion, X

and p are Lame constants, the subscripts 0 and cp refer to

spherical coordinates, v is the Poisson coefficient.

Example 2. Radiational heating of a sphere with Sk =

2.0, 0. = 0.2, v = 0.33. The temperature distribution along the
1

sphere radius X for the linear problem (q=e8=0). and the first

approximation is shown in Figure 2. For Fo = 0.05, the thermal

disturbance reaches the center of the sphere, while for Fo =

0.8, the steady state regime is reached. The difference between

the solutions of the linear thermal problem for q=s==Pland the

nonlinear problem in the first approximation is more than 30%,

this is due to the difference in the solutions of the thermal

stress and deformation components (Figures 3 and 4).

The thermal stresses oX and a0 are presented with accuracy

to the constant factor 2[taTcJ (3X+ 2Fj)/(X+2L), and the thermal dis-

placements with accuracy to the factor aTc(3X+2)/(+.2L). The
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Figure 2. Distribution of Figure 3, Distribution of
relative temperature e(X, Fo) thermal stresses ae,' aX along
along sphere radius X for
different moments of time Fo sphere radius at moments of

time Fo (solid and dashed
for Sk = 2, . = 0.2, v = 0.33for Sk = 2, 0 curves correspond to the
[solid curves are the solution values of a0 and aX in the
using (18) with q = 1.325;
dashed curves are the solution the dash-dot and dashed

the dash-dot and dashed
of the linear problem with

S= , = 0. curves correspond to theq 0, = 0]. linear problem with q = e = 0).

ro/ / values of the components aX differ

0/ .0- _ most at the sphere center (25%);

in the displacements u, this

difference reaches the maximal

//1 magnitude at the sphere surface
0 0 .0.2 . 0.4 J. r, (20%).

Similarly, taking as the
Figure 4. Radial displace-
ments u for sphere at moments basis the corresponding solution

of time Fo (solid curves of the thermal problem, we can
correspond to the solution
of the nonlinear thermal solve the thermoelasticity
problem; dashed curves problem for a spherical shell.
correspond to the solution
of the linear problem with
q = E = 0).
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EFFECTIVENESS OF SOLID LUBRICANT COATINGS FOR FRICTION

IN HARD VACUUM (10- 9 tor)

B. I. Verkin, I. M. Lyubraskiy, V. F. Udovenko,

and L. N. Sentyurikhina

A study is made of the efficiency of solid lubricating coatings
based on MoS 2 with various binders during friction under high-
vacuum conditions with the use of mass spectrometric analysis of
the composition of the gas evolved from the coatings in the
friction process. It is shown that the vacuum level, loading,
and sliding velocity influence coating effectiveness. In the
friction process the solid lubricant coatings yield characteristic
decay products associated with the chemical nature of the binders.
The mechanism of coating breakdown during friction is associated
with the binder breakdown mechanism.

The problem of improving the reliability and service life /54

of machines is intimately associated with questions of lubricating?

material application for friction components and also with ques-

tions concerning the theory of friction, lubrication, and wear,

all of which are important. At the present time, this problem

has been broadened in machine design and includes such questions

as friction, lubrication, and wear in vacuum. This is a result

of the fact that, in many mechanisms used in various branches of

industry and for scientific purposes, friction takes place under

vacuum conditions.
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Since special conditions are created in vacuum, the question

of friction and particularly the question of lubricating material

application is examined from a new viewpoint. Study of lubrica-

ting material behavior under vacuum conditions may yield new

results.

The primary influence of vacuum on friction pair behavior

shows up in the fact that the surfaces of solid bodies in a

vacuum are free of the adsorbed and chemisorbed films which

normally cover these surfaces and the surfaces come into direct

contact with one another and form intolerably strong bonds [1].

The forces of adhesion during contact of juvenile surfaces are

tremendous; as a result, the friction coefficient increases

sharply and in the end, the surfaces may even weld together in

the cold state [2].

One of the ffective means to protect friction surfaces

against seizing and subsequent deep grooving is creation between

the surfaces of special lubricant layers (ensuring satisfaction

of the positive gradient rule [3]) which are easily deformed,

can withstand repeated mechanical action, have a strong bond

with the basic material, and retain their properties over the

specified temperature range. At the present time, a new form of

lubricant is finding increased application for these purposes

- solid libricants, which include lamellar solid substances

having as a consequence of their crystalline structure low

friction coefficient: graphite, MoS 2, WS2, MoSe 2, BN, mica,

talc, etc. Graphite and MoS 2 are most frequently used as solid

lubricants. They are used in the form of finely dispersed

powders, pastes, briquettes, suspensions, and solid lubricating

coatings [4, 5].
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The widest use for solving problems associated with reducing

friction and wear under hard vacuum conditions has been made of

the solid lubricant coatings (hereafter called s.l. coatings),

which are a combination of antifriction component (MoS2 or

graphite) and binder and are applied to the metallic surface in

suspension form with subsequent solidification at elevated

temperatures [5].

The effectiveness of s.l. coating application depends /55

primarily on correct selection of the composition of the suspen-

sion, the technique for its application and subsequent solidifi-

cation, the chemical nature of the suspension, and also on the

metal and preliminary treatment of its surface.

The need for the study whose results are presented in the

following arose primarily to solve the practical problems asso-

ciated with the operation of various components and mechanisms

under vacuum conditions.

At the Physico-Technical Institute of Low Temperatures of

the AS UkSSR, together with VNII NP (All-Union Scientific Research

Institute of Petroleum and Gas Processing and the Production of

Synthetic Liquid Fuel), the technique was developed and a series

of studies were carried out to investigate the effectiveness of

s.l. coatings based on MoS 2 in the case of sliding friction

under atmospheric conditions (with and without drying of the air)

and in hard vacuum (10- 9 tor) at room (250 C) and low (-1960 C)

temperatures with observation and monitoring of the composition

of the gases which are evolved during the friction process.

The behavior of the s.l. coatings in hard vacuum and their

effectiveness must be examined under conditions which are as

close as possible to the actual operating conditions, The
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- s effectiveness of the same s.l.

10 coatings will be different for

friction in vacuum and in air.

Si Therefore, it is very important to

develop methods for studying s.l.
f2 coating effectiveness in hard

vacuum and evaluating the results

of the study; this was done for a

series of s.1, coatings based on
Figure 1. Schematic of UTI-1
facility of FTINT AS UkSSR. MoS 2 which were developed at VNII

1- vacuum chamber; 2- nitro- NP and have been widely used in
gen shield; 3- cryogenicgenhydrogen pump; 4- MSKh-3A practice, in particular lubricants
hydrogen pump; 4- MSKh-3A
sensor (mass analyzer); 5- such as VNII NP-209, VNII NP-212,
upper unit; 6- slider; 7- VNII NP-213, VNII NP-229, andring; 8- friction force
recording sensor; 9- dyna- VNII NP-230, which differ in
mometer; 10- nitrogen trap; chemical nature of the binder.
11- diffusion pump; 12-
forevacuum pump; 13- lower The selected s.l. coatings are
unit; 14- speed reducer; most promising, since they have
15- electric motor.

excellent cohesional and adhesional

properties and very high resistance to erosion under atmospheric

conditions.

Coatings of thickness 20 ± 5 micrometers were applied by

spraying at a pressure of 2 atm on previously sand blasted sur-

faces of the hemispherical slider and the flat ring of the

friction unit of the UTI-1 facility of FTINT AS UkSSR [6, 7]

(Figure 1).

The basic vacuum condition characteristic is considered to

be the magnitude of the total pressure measured in the test

space. However, this characteristic is inadequate because of

absence of information on gas composition in the test space.

Moreover, a local vacuum is created near the working surfaces of

the enclosed friction pair or when using a heater.
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Mass spectrometric analysis of the gases prior to and during

the experiment yields more complete characterization of the gase-

ous medium surrounding the friction pair. In order to obtain

information on residual gas qualitative composition and study the

gaseous products which are released during friction of the s.1.

coatings, we used the mass spectrometric method [8, 9]. Inside

the high vacuum chamber where the friction unit is located, we

installed the sensor (mass analyzer) (Figure 1) of the MSKh-3A

fast response time-of-flight mass spectrometer, a characteristic

of which is that it records continuously the entire mass spectrum

and thus makes it possible to follow the dynamic variation of

the qualitative composition of the gaseous products which are

released from the materials in the friction process. The selec-

tion of the MSKh-3A fast response time-of-flight dynamic type

mass spectrometer was based on the fast transient processes which /56

take place during friction of s.l. coatings.

-9The test conditions were as follows: vacuum 10 tor, slid-

ing velocity 0.87 m/sec, normal load 4.75 kG, radius of slider

sphere 4.5 mm, initial Hertz contact pressure 176 kG/mm 2 . In

those cases when we studied the influence of load or sliding

velocity on s.l. coating effectiveness and antifriction properties,

the load was varied in the interval 100 - 200 kG/mm 2 and the

sliding velocity in the interval 0.1 - 3.5 m/sec.

As the criterion of s.l. coating effectiveness, we took

the coating operating time (service life) until marked irreversible

increase of the friction coefficient, which led to s.l, coating

erosion and the appearance of metallic contact between the friction

surfaces.
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The studies conducted showed that, other conditions being

the same, the service life and antifriction properties of the

s.l. coatings are influenced by the external medium: atmospheric

conditions (dry or moist air) [8], vacuum 17], vacuum level [8,

91, and also the conditions which always accompany friction:

load, sliding velocity, and temperature [5, 10].

In the process of s.l. coating erosion, its physical and

chemical properties change. These changes may occur both in

the antifriction component MoS 2 and in the binder. The primary

factor which influences the antifriction properties of s.l,

coatings, along with temperature on which the rate of thermal

decomposition of the components depends [5], is the presence of

atmospheric moisture and oxygen.

Under atmospheric conditions with constant oxygen contentl

the humidity of the air has a significant influence on the anti-

friction properties of the s.l. coatings as well as on the powder

coatings MoS 2 [4]. Depending on the humidity level, the friction

coefficient may increase or decrease by two to three times.

Removal of the moisture vapors leads to improvement of s,l.

coating antifriction properties. High atmospheric humidity

influences not only on the s.l. coating antifriction properties

but also their service life E8].

In deep vacuum, where the amount of moisture and other

residual gases including oxygen is low, sl, coating service life

will be high. However, studies have shown that the s.l, coatings

with organic binders are the longest lived, just as in air: the

urea-formaldehyde (VNII NP-212) and epoxy (VNII NP-230) resins

and the inorganic sodium silicate binder (VNII NP-229), The

s.l. coatings with silicone bidder (VNII NP-209, VNII NP-213)

have shorter service life in deep vacuum.
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The entire s,l. coating operating period within the limits

of the time studied can be divided into two stages -- the contin-

uous friction period (friction coefficient nearly constant), and

the discontinuous friction period (magnitude of the friction

coefficient changes 'abruptly). For VNIT NP-212, VNII NP-229,

VNII NP-230, the continuous friction period lasted for six to

eight hours. The pressure in the chamber remained nearly

consjtant (varied in the range 10
- 8  2.10 - 8 tor). For the VNII

NP-209 and VNII NP-213 coatings, the continuous friction period

lasted 15 to 30 minutes and the pressure in the chamber increased

from 5 ' 10 9 to 10 torr. The average value of the friction

coefficient in the first period for VNII NP-212, VNII NP-229, and

VNII NP-230 was 0.02 - 0.04; while for VNII NP-209 and VNII NP-

213, the average value was 0.04 - 0.06, i.e., the friction

coefficient of the coatings with organic and inorganic binders

is lower by a factor of two 'than for the silicone binder, and on

the whole, the coatings which we studied are characterized by a

low friction coefficient, not exceeding 0.08, Under atmospheric

conditions, the friction coefficient of these same s.1, coatings

is higher and amounts to 0.12.

In studying the influence of vacuum level (degree of rare-

faction) on s.l. coating effectiveness, it was found that the

friction characteristics (friction coefficient and service life) /57

begin to change noticeably as soon as the pressure of the gaseous

medium surrounding the friction pair becomes lower than atmo

spheric. Thus, with reduction pressure from 100 tor, the s.1.

coating friction coefficient decreases and service life increases.

In the pressure interval 100 - 10- 1 tor, these characteristics

change only slightly. However, with pressure reduction in the

interval 101 - 10 - tor, we again see marked reduction of

coating friction coefficient and service life, Outside this-4
interval throughout the entire pressure range studied 10 -

10 9 tor, the s.l. coating friction characteristics remain
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Figure 2. Dependence of friction coefficient (a) and service
life (b) of s.l. coatings VNII NP-213 (durve 1), VNII NP-212
(curve 2), VNII NP-229 (curve 3), on vacuum depth and air
humidity (curve 4).

practically constant or vary only slightly (Figure 2).

We can assume that this complex nature of the friction

coefficient i =CP(P)J and service life -P (P) variation is due

to the influence of the medium surrounding the friction pair and

also to the resistance of the s.l. coatings to tribocracking

(coating destruction during friction) [8, 9, 10].

Thus, the vacuum intensity has a significant influence on

s.l. coating antifriction properties and service life, Both the

mechanism and final result of this interaction depend to a great

degree on the physical and chemical properties of the components

which make up the s.l. coatings.

The influence of load and sliding velocity on the friction

coefficient variation of the VNII NP-213, VNII NP-212, and

VNII NP-229 s.l. coatings shows up similarly for all three binder

cases - silicone, organic, and inorganic, With increase of the

load, we observe a general pattern of friction coefficient

decrease regardless of the test conditions (atmospheric or deep
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vacuum) [10]. This same pattern is observed with variation of

the sliding velocity.

In studying the effect of load on s.l. coating service

life, we find that this effect has a dual nature' on the one

hand, load increase leads to increase of the temperature which

occurs during friction and this accelerates and facilitates

binder transition from one phase state to another and leads to

friction coefficient decrease and service life increase; on the

other hand, the heat which arises in the friction process is not

removed by the s.l. coating but is accumulated, which leads to

binder decomposition and failure of the s.l. coating -- tribo-

cracking. The interaction of these factors may be used to explain

the peak on the r =(N)J curve. This pattern of service life

variation with load increase is observed in both dry and moist

air and in deep vacuum. A service life maximum for some definite

loading is characteristic for each s.l. coating. The dependence

of the friction coefficient [L=p(v)J and service life (friction /58

path distance) sq(vf) on the sliding velocity of the VNII NP-213,

VNII NP-212, and VNII NP-229 s.l. coatings, and the relation

T=9(A' as well, have an extremal nature. This nature of the

VNII NP-213, VNII NP-212, and VNII NP-229 s.l. coating friction

coefficient and service life variation is observed in dry and

moist air and in deep vacuum, and is associated with the fric-

tional heating upon increase of the sliding velocity, leading to

change of the binder phase state, which changes similarly to the

variation of the relation z =q(N).I

The chemical nature of the binder has considerable influence

on the behavior of the 'I =()] and s p(v) curves. Each s.l.

coating has on the curves its own optimum, corresponding to a

definite sliding velocity.
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Analysis of the relations L p=9(N), 3=(N), N=(v)J and

s=(v) showed that, with increase of the load and sliding

velocity, the latter has considerable influence on VNII NP-213,

VNII NP-212, and VNII NP-229 s.l. coating friction coefficient

and service life variation.

We were interested in determining whether or not the s.l.

coatings will be retained on the friction components and whether

or not they will be effective at low (cryogenic) temperatures,

For this purpose, we studied the service life and antifriction

properties of the s.l. coatings VNII NP-212 with organic binder

and VNII NP-213 with silicone binder at low temperatures (-1960 C)

in deep vacuum. Comparing the results of experiments made in

deep vacuum at room (+250 C) and cryogenic (-1960 C) temperatures,

we can see that the service life of the s.l, coatings with organic

binder - urea-formaldehyde resin K-411-02 - remains at the same

level, while for the coating with silicone polymer KO-921,at

cryogenic temperature, the lifetime decreases, which is associated

with brittle failure of the silicone polymer, The friction

coefficient of the VNII NP-212 and VNII NP-213 s,l, coatings

increases only slightly when tested under cryogenic temperature

conditions.

Identification of the factors which lead to pressure change

in the vacuum chamber during friction of the s.1, coatings, and

also qualitative analysis of the gaseous products released from

the coatings in the friction process, make it possible to explain

to some degree those changes which are observed in the coatings

during friction, clarify the mechanism of their fracture, and

evaluate the influence of variou s factors on s.l. coating service

life and antifriction properties.
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Study of the breakdown kinetics
10

Sof the s.l. coatings and their

components is important for under-

Sa standing the process taking place

in s.l. coating friction. There-

fore, it is very desirable to

z8 bl utilize mass spectrometry, which
2. permits obtaining new information

110 c i  on the behavior of the solid lubri-

44 cant coatings directly in the

2 friction process.

Figure 3. Mass spectrograms Mass spectrometric study of
obtained in s.l. coating the products released from the s,l,
friction.

a- chamber background; b- coatings in the friction process

VNII NP-213 coating; c- showed that, in comparison with
VNII NP-212 coating; d-VII P-212 coating; d- the chamber background (Figure 3a),
VNII NP-229 coating.

each coating type yields charac-

teristic decay products which depend on the chemical nature of

the binder. Thus, during friction of the VNII NP-213 s.l.

coating, we observe on the mass spectrograms increase of the

peaks corresponding to masses 2; 15; 16 (Figure 3b), Here the

variations of the mass peak growth rate, residual pressure in

the vacuum chamber, and friction coefficient are related synchron-

ously with one another. Comparing the growth rate kinetics of /59

the peaks corresponding to masses 2; 15; 16 for s.l, coatings

VNII NP-209 and VNII NP-213 of the same binder class (KO-921

silicone resin), which differ from one another in binder quantity

(the factor K, indicating the ratio of the amount of binder to

the amount of MoS 2, is,.unity for the VNII NP-209 coating, for

the VNII NP-213 coating K = 0.5), we can note that the peak

growth rate for the VNII NP-209 coating is considerably higher

(for the same coating operating time) than for the VNII NP-213
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coating. Here we also note that the VNII NP-209 coating service

life in deep vacuum is less than that of the VNII NP-213 coating.

The friction process of the VNII NP-212 coating with organic

binder (K-411-02 urea-formaledehyde resin) was accompanied by
-8

only slight pressure increase in the vacuum chamber from 10 to
-8

6 ' 10 tor and on the mass spectrograms, we observed only

slight increase of the peaks corresponding to masses 2 and 28,

while the peak corresponding to mass 18 decreased (Figure 3c).

During friction of the VNII NP-229 s.l. coating with inor-

ganic binder (sodium silicate Na 2Si03), we observed only slight

increase of the peak corresponding to mass 18 (Figure 3d). Here

the pressure in the vacuum chamber changed only slightly for

both the VNII NP-212 and VNII NP-229 coatings.

The analysis made of the mass spectrograms showed that the

observed pressure changes in the vacuum chamber are the conse-

quence of s.l. coating decay product gas evolution caused by

tribochemical changes taking place in the coatings during friction,

These changes can take place both in the MoS 2 antifriction filler

in the binder.

For complete clarification of the factors leading to evolu-

tion of gaseous products during the s.l. coating friction process,

we made a mass spectrometric analysis during friction of the MoS 2

antifriction filler and the binders separately. During the

friction process of MoS 2 in powder form, we did not observe any

changes in the mass spectrogram in comparison with the chamber

background (the friction process realization conditions corres-

ponded to the s.1. coating friction conditions).
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The data obtained on binder breakdown kinetics indicate

that the organic binders are more resistant to tribocracking

than the silicone bilnders, which leads to greater effectiveness

under deep vacuum conditions of the VNII NP-212 and VNII NP-230

s.l. coatings, since s.l. coating failure is associated with

binder failure kinetics in the friction process, In addition,

the possible organic binder decay products may play the role of

a lubricant, in contrast with the silicone binder.

As has been noted previously [9, 10], the tribocracking

processes in the s.l. coatings which contain silicone polymers

show up to a greater degree in deep vacuum than in air, since

under deep vacuum conditions because of oxygen deficiency, the

siloxane bonds which inhibit further breakdown of the polymer

do not form. Therefore, the service life of the VNII NP-209 and

VNII NP-213 s.l. coatings is shorter in deep vacuum than in air.

This is confirmed by the mass spectrograms obtained during VNII

NP-213 s.l. coating friction at low temperature (-1960 C), on

which we find peaks corresponding to masses 2; 15; 16. The

intensity of these peaks is higher and the service life is

shorter in comparison with the intensity and service life at

room temperature. All this indicates that the polysiloxanes

used as binders in the s.l. coatings, just as the silicone fluids

[11, 12], are less stable in the friction process than the

coatings with organic and inorganic binders.

Thus in vacuum at normal and low temperatures, the s,1, /60

coatings with organic binders are preferable, just as in air,
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TRANSIENT COOLING OF SOLID BODIES OF CLASSICAL FORM BY RADIATION

V. S. Novikov and V. L. Chumakov

An approximate analytic method is presented for analysis of
the unsteady process of radiative cooling of solid bodies of
classical form. The nonlinear heat transfer problem is solved
by the cascade linearization technique with use of the iteration
method. Comparison of the results obtained even in the first
approximation with the available numerical solutions indicates
adequate engineering accuracy of the proposed technique.

The question of heat transfer by radiation has become /60

increasingly important in recent years in connection with

intensive space studies. This question is intimately associated

with the problem of space vehicle and satellite interaction with

the ambient medium and heat removal from their powerplants.

The subject of the present paper is analysis of heat trans-

fer during cooling of solid bodies by radiation and obtaining

computational equations which are sufficiently exact and conven-

ient for engineering determination of the transient temperature

fields.

The subject problem is a nonlinear problem of mathematical

physics with significant nonlinearity in the boundary condition,

Exact analytic solutions of such problems have not yet been

obtained, therefore, the analysis of body cooling by radiation

is made using various approximate (basically numerical [1 - 3])

methods.
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Among the approximate methods, the linearization techniques

[4 - 9] are worthy of particular attention, being simple and

quite exact. They are based on linearizing the heat transfer

law, which for T s >T has the form

X(grad T) s = - aTs, (1)

where Ts is the body surface temperatures aa is the apparent

radioactivity; A is the thermal.conductivity.

The linearization methods can be divided into two groups,

In the first group, the condition (1) is linearized without

considering the heat conduction equation [7 - 9]. This method

involves expanding the right side of the condition (1) into a

Taylor series about some fixed temperature T, and retaining the

first two terms, which yields satisfactory results for small

temperature differences Ts - T. The second group includes the

integral linearizing transformation methods. These methods also /61

linearize the condition (1), but in this case, there arises a

nonlinear complex in the heat conduction equation which can be

discarded for bodies which are not too massive thermally,

Specific examples of such transformations can be found in [4, 5].

In [6], the linearizing transformation method was refined by

introducing a correcting parameter whose proper selection leads

to smaller errors when discarding the nonlinear complex,

The cascade linearization method proposed here can be

applied to any problem of radiant cooling of bodies of both

small and large "thermal inertia," with minimal errors in

determining the temperature fields in comparison with the known

linearization methods.
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In the problem investigated, we make the following assump-

tions:

1. The axisymmetric body (plate, cylinder, sphere) is

made of uniform isotropic and opaque material whose thermal and

physical properties are independent of temperature.

2, Radiation is the only form of heat transfer between

the body and the surrounding medium, From the instant of time

Fo = 0, the body surface begins to radiate into the ambient

medium, whose temperature in a particular case may be absolute

zero.

3. The thermal fluxes are directed along the normal to

the surface (along the radius for the sphere and cylinder), End

effects are not considered.

4. The body radiativity is independent of its surface

temperature.

5. The initial body temperature T. and temperature T1 C

of the medium are constant (Tc < Ti).

The mathematical model of the problem in dimensionless form

is constructed on the basis of the Fourier equation

Oo( X, Fo) ' X-v a9 OF(X, o) O<X 1, Fo . (2)

with the initial

O(X,O)=l 1
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and boundary conditions

80 (0, Fo) C)
ax 0; (4)

ael, Fo) = Sk [6 - 64 (1, Fo)],  5

where Fo = aT/R 2 , Sk = aT iR/X, v is the form factor (v 0 for

a plate, v = 1 for a cylinder, v = 2 for a sphere), We approxi-

mate 6 4 (1, Fo) by a parabola (A + B 02 ) in the temperature range

6, _ 6 1 on the basis of satisfaction of the following condi-

tions:

OVd (A + B02) dO
. e C6)

and

O'o=o.= (A + B0) -e.. (7)

We find the constants A and B from solution of the system of

E/uations (6) and (7)

3 - 405 + 1 - 54
B A -4 - B02, C8)

5 1+20 -3 3028)

We rewrite the condition (5) in the form

de(, Fo) - Sk + B02(I , Fo)] - [0 (1, Fo)],, 9

where

A=A-O- . .

D = Sk (04(1,Fo) - A +.Bo (1, Fo)]}. . (11)
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In the beginning of the process, the nonlinear complex (Dl(1, Fo) I /62

appears as a surface heat sink; after some instant of time

(when D < 0), it has the physical sense of a surface heat source.

We then convert to the new variable v so that the boundary

condition (9) with discarded complex D will be linear. From

solution of the differential equation

d/do = -ho/(A + B 2)t (12)

we find that the variable v is defined by the expression

0(B + -B) +; -i '  2 V-AB/h. (13)

With account for the transformation (13), the equations (2),

(3), (4), and (9) (for ( = 0) take the form

Se(x, Fo) X-Va v o(x, Fo)
dFo x ax +; C14)

, 0X0() (h + 2B) + ;T (_15)

S(aox Fo)= 0, O (X, 0) =1, 16 )

(, Fo) =hSko, h<0, C17)

h -2BOle=ao.s5o+e.)= -B B(I +0,). C18)

The influence of the complex cp is opposite that of the

nonlinear function ¢ - in the beginning, cpplays the role of an

internal heat source and later a heat sink. Consequently, the
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errors from neglect of the complexes 0 and cp will also have

opposite signs and will partially compensate one another, which

on the whole makes the proposed linearization method more exact

in comparison with the known methods [4 - 91.

The solution of the boundary value problem (14), (16) -- (18)

for cp = 0 on the basis of [10] is written in the form

O (X, Fo) = M (X) exp (- [ Fo), (19)

where the expressions for MnX depend on the geometry of the body

SA, cos[tIX, v = 0;

MI(X) AonX), V =1; (20)
IA sin jiXA, v=2,

where 10 (z) is the Bessel function of the first kind of zero

order.

The coefficients A n(-hSk) and pn(-hSk) are tabulated in

[10]. The sought temperature e(X, Fo) is described in explicit

form by the expression

0 (X, Fo) = V- -- + ( + B) 0-n (X, Fo) (21)
-B + B - (B - V-;iB)q- (X, Fo)

The solution (19 - 21) describes approximately the cooling

process of bodies both for Tc =0 (in vacuum) and for Tc / 0.

The numerical temperature field calculations made using (19) -

(21) and the method of [61 indicate better accuracy of the

proposed technique. While for thermally thin bodies, the

difference between the maximal errors of the two methods is

comparatively small, with increase of the magnitude of the radi

ation criterion Sk, the discontinuity in the errors increases
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significantly. For example, for Sk = 2.0 and X = 0 in the range

0 5 Fo S 2.0 for 0, = 0.55, the corresponding maximal errors are

1.6 and 8.3%.

If necessary, the approximate temperature value found from /63

(19) - (21) can be refined if we take this solution as the

first approximation in an iteration scheme.

th
The general expression for the j-- iteration for the

sought temperature at an arbitrary fixed instant of time Fo*

takes the form

01 (X, Fo*)
j - 8i - (BI - '- -j) -(22)

where An. = A,'(-hi Sk),' lni =n(-h i Sk), hi </ , and the linearization

parameters

h = - Bi (1 + .j); ( 23)

3 405-1 + 1 - 50j-1
B- 24)5 1 + 20,i- 1 -30,i 1 ' (24)

Al = - B o._, + 0 i-,. 2 5 )

In this case, e,0 =  ,, i.e., the reference temperature 6, will

be the lowest of all the temperature values in the considered

time interval. On the basis of the approximate analytic solu-

tions (19) -- (21), we can approximate easily and quite closely

the transient temperature distribution in axisymmetric bodies

cooled by radiation, which can be used in calculating thermal

stresses in space structures being designed. Moreover, using

the proposed technique and knowing the body surface and ambient
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temperatures, we can find the transient thermal flux at the body

surface, which is important for questions of spacecraft thermal

protection.

The technique described in the article can be extended to

the case of cooling of composite bodies with asymmetric non-

linear boundary conditions describing combined convective and

radiative heat exchange.
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THERMOCAPILLARY CONVECTION IN WEIGHTLESS CONDITIONS

V. G. Babskiy, I. L. Sklovskaya, and Yu. B. Sklovskiy

Results are presented of studies on thermocapillary in-
stability of a liquid in a spherical layer with free surface and
convection in a rectangular channel with horizontal temperature
gradient. It is shown that in vessels partly filled with a
viscous incompressible fluid and under essentially weightless
conditions free convection may arise due to the surface tension
temperature dependence.

Natural thermal convection under terrestrial conditions is /63

usually caused by Archimedes forces acting in a nonuniformly

heated fluid. Under weightless or nearly weightless conditions,

the role of the convection "engine" may be played by forces of

different origin, associated with temperature tradients in the

fluid. These are primarily the thermocapillary forces at the /64

"liquid gas". or "liquid-liquid" interface, which always arise

when the interface is nonisothermal. They are proportional to

the surface tension gradient at this surface.

The thermocapillary effects, which cause numerous and varied

phenomena near the interface, have long attracted the attention

of scientists. However, only in recent times has the attempt to

make more profound study of the processes of chemical technology,

boiling, mass transfer, and liquid behavior in weak force fields

led to a rigorous theoretical formulation of the thermocapillary

convection problem and obtaining its first quantitative charac-

teristics.
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Nearly all the known studies on thermocapillary convection

are cited in [1, 2]. We shall examine in greater detail some

results obtained in the division of applied mathematics of FTINT

AS UkSSR.

In a nonuniformly heated liquid with free surface under

weightless conditions, one of the following situations may arise;

1. In the liquid there is established a temperature

distribution for which the free surface is isothermal and the

liquid is in equilibrium. This equilibrium state may be stable

or unstable, depending on the direction and magnitude of the

temperature gradient in the liquid.

2. In the liquid there is established stationary free

convection. Although the free surface form remains.unchanged,

ih this case, its determination goes beyond the scope of hydro-

statics and is a problem of hydrodynamics.

3. Complex unsteady motion of the liquid (and of its

free surface) arises, in the best case periodic motion.

The equilibrium state of a nonisothermal liquid with free

surface is obviously realized very rarely. Nevertheless, study

of the equilibrium state stability boundary yields much valuable

information on the form of the flows which develop, on the

temperature gradient critical values, etc,

We shall examine a spherical vessel of radius R under

weightless conditions, on the inner wall of which a viscous

incompressible liquid forms a spherical layer of thickness H =

R - Rc (Rc is the radius of the "cavity"). In the liquid,

there is the radial temperature gradient ATO, and T (r) satisfies
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the heat conduction equation and boundary conditions

ATo = O, To(R) = C,, To R~ C, (1)an

where n is the unit outward normal vector, and a is the constant

coefficient of heat transfer at the "liquid-gas" interface.

The liquid velocity v, pressure p, and temperature T in the

case of stationary free convection in a vessel 0 with solid wall

Z and free surface S satisfy the equations in the region Q

vAv= (v v)V+-' VP; Vv,=. 0,
S.(2)

XAT= vvT ..

and the boundary conditions [3]

dTvI=O , TIz= C , (3 )

( - Po) n, = Ct Vk + vk,)n" -- o (k, + k n- , (i, k 1, 2, 3);

va= O (on S).

Here I P0 is the constant external pressure, [L=pv1 (p is /65

the density, v the viscosity of the liquid), a is the surface

tension coefficient, kl and k2 are the principal curvatures of

the surface S.

In the considered spherical layer case, the system (.2), (3)

admits the solution

o = 0, To =To (r), Po'= cont. (4)

Let us find the stability boundary, i,e., the values of the

physical and geometric parameters for which the equilibrium

state (4) changes into movement of the liquid, We assume that
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"stability variation principle" [4] is satisfied, which is

equivalent to the assumption of stationary convection onset,

Then the linearized dimensionless equations and boundary condi-

tions for the disturbances take the form [5].

*a = Vp; V-= O, AO= (r)ru,;

I,='= 0; o0 1= 0;'
or,, = M (-(O+ N); ao, =M (O + N);r • rsinb (

-,,= -WePr(2N+AsN); u,= , -Bi(0 + N),= (f or r = h)

Here u, p, 0 are the velocity, pressure, and temperature

perturbations; N is the free surface deviation

I dTo- dTo - . 6
= dr dr =1 .

M is the Marangoni number,

Pr is the Prandtl number; We is the Weber number, We= l;

Bi is the Bio number Bi =~aR.

The system of equations (5) is an eigenvalue problem in

the parameter M and its solution can be obtained in explicit

form. For this we seek solutions of the problem C5) in the form

of series in generalized spherical functions (for more detail

see [5]). Then the general solutions of the ordinary differential

equations which appear upon separating variables are substituted

into the boundary conditions and the condition of solvability of

the resulting algebraic system of equations for the arbitrary

constants reduces to the form
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J'(h) [ (h) + Bi (1, h)] ( 2, .I-' (), ...).
, (1+ 2) ( - j) q1 ' (h) L x(h) 1 ' 4(7)

Here

l =MI(+.I1); q, =WePrl(1+1); (8)

. (h) = h21+1 (1 + 1) +l; 6 (S, h) = S (h22 l 1  21+1 );

J(h)= ( s,h) f(ss) p (s)s; ds;

Lip= 31 (1 + 1) i' (1)- 3(1)-- "(I1), '

where /66

S(r) A= (A, (h) r'+2 + A2 (h) r' + A. (h) r '+ ' + A4 (h) r- t ); (10)

(A (h) ( :2) h'+'  h'-' - (1-- 1) h-  (1+ 1) h-'-21 (11)
(h)h '+ 2  h' h- (1-) h- (1+1

(I + 2)( + 1i) 1 (1 -- 1) 1( - 1) (1+ 2) (l + 1)

A,(h)j are the algebraic complements of the corresponding elements

of the last row of A(h).

It can be shown that the following inequalities are

satisfied

(r)<- (<r<h); LQ<0_ (12)

Calculations show that, for WePr>181 and J(h)> 0 , the

denominator in (7) is positive. We note that realistic values
4 8

of WePr = 10 10 . Thus, for all f(r) for which J h)> 0",
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the eigenvalues defined by (7)
10P WeP 10 I will be positive (specifically

for <0(r) 1 or .T> 0~ i.e., 

0 ..... when the temperature decreases

I f. monotonically from the solid wall

SI II to the free surface).

. 9 We shall call the quantity

Figure 1. Stability boundary . (1,,
(onset of stationary ther- (1,
mocapillary convection) for
spherical liquid layer ' the stability boundary for each
heated from outside under

fixed h,weightless conditions.

We see from (7) that M increases with increase of Bi,

therefore, the stability boundary for Bi = 0 is the lower esti-

mate of the boundary for all Bi ' 0.

The calculations results for Bi = 0 are shown in Figure 1i,

On the curve consisting of segments of the M(h),curves for

different Z and defining the stability boundary there are indi,

cated the values of Z for which the minimum of M is reached. We

see that these values of Z increase monotonically with reduction

of h, but for some h which depends on the quantity WePr, the

stability boundary corresponds to Z = 2. In other words, with

reduction of the spherical layer thickness, the convective motion

will consist of an ever increasing number of "cells," but upon

reaching some thickness, the perturbations of longest wavelength

become the most "hazardous." This agrees well with the known

data on thermocapillary convection onset in a flat infinite

liquid layer [61 as a result of loss of stability relative to

long-wave perturbations for arbitrarily small M. In 17],

convection was studied visually in spherical liquid films which

arise under the influence of a concentration gradient Cexact
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analog of thermocapillary convection),. It is of interest to note

that, in the photographs presented in 17], we see both "small-.

cell" and "large-cell" convection.

Let us examine a rectangular channel of width h and liquid

level height Z. The free surface is considered plane Ccontact

angle 900). The temperature distribution 0o = C, + C (C> 0), is

given on the solid walls rl while the condition a ' 0 is

given at the free surface.

Here the equilibrium state is obviously impossible and

thermocapillary convection will be realized for arbitrarily

small C. We shall seek the solution of (2) under the assumption /67

that, for weak liquid motions, the free surface deviations can be

neglected. Then, on the flat free surface F0 , there is satisfied

the condition uy = 0, which follows from the kinematic condition,

and the condition of equality to zero of the tangential stress

dux do aT
T O da aC (13)

For small temperature differences in the considered space, the

quantity da /T may be considered constant, In (2).and the

boundary conditions, we make the change: T'=T-0 0o , The system

of equations for finding u, T and the corresponding boundary

conditions in dimensionless form is

A u=-VP-f (IV), VU = O, i Ir, 0, u,Ir.i; 0;
a ax "T +0 (ro); 14)

AT=:PrivT+ , , T = 0, =0.
rJr. 127
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7.0

0. • " 7I.95

a b

Figure 2. Streamlines and isotherms of steady-state thermo,
capillary convection in square channel,

It can be shown that, for sufficiently small M, the system

(14) has a unique solution which can be obtained in the form of

a power law series in M [8], We continue this unique solution

in terms of the parameter M, using for this the Newton-Kantorovich

method [9].

In terms of stream function and temperature, the equations

of the Newton-Kantorovich method for the considered problem take

the form

A aA+ Ai a.n+i ap,, OA dAPn OPn+i
An+ ay ax x ay ax Oay

a'n aAvn+i aln D A, t aAPn a' = 0; C15)dy' Oax x y Ox y 0

r O i,,,=0; O 0i, -; ( 1

T .+1 a aTn+ ,- aT, -a n -tAT~ On+1 POTn .O a On ._ _. /S ay ax ax ay ax Og

.. . . a n, +, Pr a-. ar- aV a , 0;*
aOg x ay ax ax y 7 . C16)

ST 0 OTn+"n+1  0. . ....
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We take as the zero approxi- /68

mation .(iP, T) the solution of the

_I_ linearized problem [14]. At each

step, we solve the problem (15)

and then (with known I'+, ), the

I / problem (16). The solution of the

linearized problems at each step

was made by the grid method and the

grid solutions were found by the

Seidel method.

0
200 400 M

-2 Figure 2 shows the streamlines

Figure 3. Dependence of (a) and isotherms (b) in a channel

max on M for the flow of square section, obtained for
represented in Figure 2. M = 500, Pr = 1 on a uniform

16 x 16 grid,

The Newton-Kantorovich method was realized for M = 5 with

step 5. For M = 5, the isotherms are practically vertical and

the weak vortex filling the entire channel cross section is

symmetric relative to the channel axis. For M = 500, the iso-

therms curve near the free surface, where the convection is

most highly developed, and very weak return flow forms in the

lower part of the channel.

Figure 3 shows one of the nonlinear characteristics of the

resultant convective motion - the dependence of Pmax on M. We

see from the figure that, for M = 500, the influence of the

nonlinear terms in the stationary convection equations is

already quite large.

129



REFERENCES

1. Scriven, L. E., and C. V. Sternling. Nature, Vol, 187,
1960, pp. 186-187.

2. Kenning, D. B. R. AMR, Vol. 21, No. 11, 1968 pp. 1101-
1111.

3. Landau, L. D., and E. M. Lifshits. Mekhanika sploshnykh
sred (Mechanics of Continua), Moscow-Leningrad, GITTL
(State Technical and Theoretical Press), 1953.

4. Monin, A. S., and A. M. Yaglom, Statisticheskaya gidro-
mekhanika (Statistical Hydromechanics). Vol. I, Moscow,
Nauka Press, 1965.

5. Babskiy, V. G., and I. L. Sklovskaya. Izv. AN SSSR,
Mekhanika zhidkosti i gazov, Vol. 3, 1969.

6. Scriven, L. E., and C. V. Sternling, J. Fluid Mech.,
Vol. 191, No. 3, 1964.

7. Thissen, D. Phys. Chem., Vol. 232, Nos. 1/2, 1966, pp,
27-38.

8. Babskiy, V. G., and Yu. B. Sklovskiy, In the book:
Trudy FTINT AN USSR. Voprosy gidrodinamiki i teploob-
mena v kriogennykh sistemakh (Transactions of the Physico-,
Technical Institute of Low Temperatures of the Academy
of Sciences of the UkSSR. Hydrodynamics and Heat Trans-
fer in Cryogenic Systems). Kharkov, Vol. 1, 1970.

9. Krasnosel'skiy, M. A., et al. Priblizhennoye resheniye
operatornykh uravneniy (Approximate Solution of Operator
Equations). Moscow, Nauka Press, 1969.

130



HEAT TRANSFER WITH NUCLEATE BOILING OF LIQUIDS UNDER

WEAK MASS FORCE FIELD CONDITIONS

Yu. A. Kirichenko

We examine the motion of a vapor bubble growing and rising
from a flat horizontal heater in the ideal fluid approximation
and with account for drag. Estimates are given of bubble life-
time, bubble radius at detachment, bubble detachment frequency,
and time for the bubble to attain a constant rate of rise.
The relations obtained for the microcharacteristics of the boiling
process are used to determine the coefficients of heat transfer
in developed nucleate boiling. A new form of the equations for
describing heat transfer in nucleate boiling in dimensionless
parameters is proposed.

Study of the boiling process has considerable practical /68

importance. Without sufficiently good knowledge of the peculi-

arities of this process, the development of modern .power generan

tion (including nuclear), certain branches of industry (chemical

and foodstuffs, for example), and cryogenic technology would be

unthinkable. Space technology imposes special requirements on

the study of boiling, and progress in space technology requires

information on liquid boiling under conditions of weak mass

force fields and weightlessness. First of all, these data are /69:

necessary for such cryogenic fluids as oxygen and hydrogen El --

3], which are the most promising rocket fuel components El - 3],

and helium, which is used to cool the components of electronic

and optical devices [3].
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Most of the known boiling studies have been devoted to

analysis of the integral boiling characteristics which are neces-

sary for engineering calculations (boiling heat transfer coef-

ficients, critical thermal fluxes, etc,), Considerably fewer

works have been published on boiling physics, although this field

is being developed intensely at the present, However, there is

a considerable gap between study of the integral boiling charac-

teristics and study of its "micro-characteristics" (vaporization

center density, bubble radius at departure, bubble departure

frequency). Only a few studies are known in which an attempt has

been made to relate the information on the physics of boiling

with the values of the heat transfer coefficients or the critical

thermal fluxes.

Obtaining physically valid relationships for the integral

boiling characteristics is particularly important for analysis

and calculation of thermal processes under weak mass force field

conditions. For the calculation of such processes under terres-

trial conditions, we can make use of many empirical or semi-

empirical formulas. However, the accumulation of analogous

experimental data with reduced gravity involves large and

frequently insurmountable difficulties.

In the present paper, we attempt to obtain a relation for

the heat transfer coefficients only on the basis of the process

microcharacteristics.

Vaporization center density. We can assume that the vapori-

zation center density Z is a function of the vapor bubble nucleus

radius r, [4 - 7]:

Z = F(r) = F . (1)
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Here Ts is the saturation temperature, a is the surface tension

coefficient, L is the latent heat of vaporization, p" is the

vapor density; AT is the difference between the heater and

saturation temperatures.

In the first approximation, (1) can be approximated by a

power law function of r,

Z= C Lp,-T )nz, {(2)
where C is a dimensionless quantity if n = 2,z z

-6
The relation (2) with the value C = 625 ' 10 m, nz = 3,

was obtained in [7] by analyzing all the known data on Z, The

scatter of the experimental data relative to this relation

amounts to a several hundred percent. The data presented in E7]

in the parameter variation range

10, > >106.u

can be represented by the following relation with far greater

accuracy

Z=6.10- 7 Lp"AT )2
61 \ Tso (3)

Bubble departure radii. Evaluation of bubble radii at

departure from the heater (departure radii) is usually made

using the Fritz formula, obtained from opproximate solution of

the bubble static stability problem [8]

R= 0.01y (4)

where y is the contact angle in degrees; p is the density of the

liquid. Formula (4) was verified for very slowly growing bubbles
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[9]. Their growth rates differed by several orders from the

bubble growth rates for developed nucleate boiling, Further

studies showed the invalidity of (4) for boiling, primarily

because of the very weak dependence of Rd on the pressure p, .~

which this formula yields for p << p cr For example, for water, /70

variation of the saturation pressure from 0.12 to 1 bar 110, 11],

and from 1 to 10 bar [12] leads to reduction of the departure

radius by approximately an order of magnitude in each of the

ranges, while (4) yields 6% radius change in the first case and

20% in the second.

For cryogenic liquids, for which the contact angle y=O- ,

(4) is not applicable even for p z 1 bar.

Experiments conducted in recent years under weak mass force

field conditions yield still another criterion for validity of

(4), namely: dependence of Rd on g [13 - 16]. Figure 1 shows

the experimental data on relative bubble radius at departure as*

a function of load factor n and the relations

Rd =- 3
' Rad

(solid line), andl

I!
Rd - -

Rd 2

(dashed line). It is quite obvious that the latter relation,

obtained from (4), does not correspond to the experimental data,

The correct value of the departure radius could be obtained

from solution of the problem of expanding bubble dynamic stability,

However, the known attempt to reduce dynamic stability to quasi-

static stability, performed insufficiently rigorously, did not

yield positive results 113],
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S-" " - The departure radius has been

S .- -' o-4 evaluated on the basis of hydro-

dynamics in several studies [18 -

21]. In [17, 18], the departure

.jI 2 4 6I-' 2 10-. conditions were found from equality

Figure 1. Relative bubble of the drag and lift forces, This

departure radius versus estimate cannot be considered
load factor. correct:, if the bubble contacts
1- from data of [12]; 2-1- from data of [12]; 2- the wall, the drag formulas forfrom data of [13]; 3- from
data of [14, 15]; 4- from a nonexpanding sphere in an
data of [15]. infinite liquid will not be

valid; however, if the bubble does not contact the wall, the

question of its velocity remains unresolved.

In [19], the instant of departure was determined from

joint solution of a system of two equations: for the bubble

radius and for the motion of the center of gravity of the

expanding bubble in an infinite liquid. This method is nearly

exact only in application to boiling on fine wire heaters <JRdlI

where r1 is the wire radius) in superheated liquid.

In spite of the approximate nature of the Rd estimates in

[17 - 21], the formulas obtained therein apparently have the

correct structure, since they yield a rational dependence of Rd
on p and g.

We shall try to evaluate Rd more rigorously, examining

bubble behavior near a heater with account for the influence of

the latter on bubble motion, We note that the equation of motion

of the bubble does not in itself yield the departure conditions,

and in order to evaluate Rd, it is necessary to have still

another condition. Such a condition can be the experimentally
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determined relationship between bubble radius R and distance S

of the bubble center from the heater at the instant of departure

[20]: Sz 1.5 R. This condition is satisfied for bubble depar-

ture from a "stem," which is characteristic for boiling at low

Jakob numbers (Ja < 10 - 20) [21]. In the case of liquid

boiling under saturation conditions, it is better to make the

departure radius estimate not at the instant of formal bubble

departure from the wall, but rather at the instant when the

bubble no longer receives heat from the heater.

Bubble growth on a heater. We identify the following bubble

motion stages: stage I is bubble growth (from nucleation to

"stem" formation); stage II is departure (from "stem" formation

to its "rupture"); stage III is ascent (after bubble departure

from "stem"). We shall assume that the bubble retains a spheri-

cal shape in all stages of the motion.

The bubble equation of motion for stage I can be written /71

in the form [22, 23]

S= R= rR. (5)

According to theoretical studies [24 - 26], n = 0.5 with growth

modulus B equal to

"a n- p (6)

where X is the thermal conductivity and a is the thermal

diffusivity.

For small Jakob numbers (Ja < 10 - 20), characteristic for

boiling of cryogenic liquids and freons at p 1 1 bar and water

at p > 10 bar, we can take n = 0.5 [23, 26] with adequate

accuracy. In this case, (6) becomes the Labuntsov formula [26],
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which can be written approximately

i in the form

--

- Equation of motion of

expanding bubble near horizontal

Figure 2. Illustration for wall, We shall first determine
calculating bubble motion the forces acting on a spherical
near a wall.

bubble, assuming that the liquid

flow is potential and neglecting the presence of a temperature

field, vapor momentum, and surface tension forces.

We shall seek the velocity field near the bubble by solving

the Laplace equation for the velocity potential with the corres-

ponding boundary conditions [27]. We obtain the velocity poten-

tial 0 with account for wall influence by the image method 127,

28] in the form

R R . .R,
0 =2r 2r2 8S3 - R3 CSIj 8

R --+ ( R 
2R 2S

r 8S 3 RI cos .

The meaning of the quantities in (8) is clear from Figure 2,

It is easy to obtain from (8) the limiting cases for 0 in

an infinite liquid (S >> R) [27] and for a bubble in contact with

the wall (S - R).

Using (8) and the Bernoulli equation [27, 281, we obtain

the equation-for the pressure, after integrating which over the

surface of the bubble we find the expression for the vertical

force component
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F=FR + F. C9)

Here F is the lift (Archimedes) force
g

F = - nRgp; 0 )

FR is the dynamic reaction force acting from the liquid on the

expanding and moving bubble (reaction force)

FR I +2X 3  
9x4

4 2 (1 - x) (1 - x")

3 1 -2x 3 -2x + 9 x 3 x(11)
+2 (1 -x SR+ 2 (1 -x3)" 2..2 1_

x R/2S.

For a bubble in contact with the wall (S = R, K = 0.5),

FR=+~np(4-R++2). 1Fa =- aPR - R (-L -R C• (12)-

At the beginning of stage I, bubble motion FR > -Fg and /72

bubble detachment from the wall are not possible, since the

resultant force F forcing the bubble to the wall is significantly

greater than zero in (9).

The initiation of stage II can be considered to be the

condition

FR= - Fg. ' i (_13)

Substituting (10) and (12) into C13) and considering that

the bubble grows following the law (5), we obtain the expressions

for the radius R 0 and time TO characterizing the end of stage I.

n (23n- - 2-n 14)
138Ro= B-

138



i n(23n - 8) ] 2-n -2-n*-: .1 . ." "= " ] (15)

In the case n = 0.5, we obtain in place of (14) and (15):

4 1 I

Ro= .630g 3 ; (141 )

To = 0.4 S g 3 (15!)

For stages II and III, noting that in (9)

F =d (M"u)O , (16)

since the bubble mass M" is small, after using (10) and (11), we

obtain the equation of motion

(17)
+ -. R2 + 3 - X R-gR=,

2 (1-x 3)2  2 I -x 3

where K = R/2S.

For an expanding bubble in an infinite liquid (far from

the wall S >>R, K z 0), we obtain

SR + 3 SR = 2gR. C 18)

Equation (17) is correct beginning from the instant of time

T 0 and the corresponding radius R0 , defined by (15) and (j14),
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Equation (17) was solved on an M-20 digital computer by

the Runge-Kutta method with the initial conditions RJ=S (0 ),R_(To) =S (o)

for n = 0.5. Some of the relations obtained are shown in Figure

3. Using this solution and the condition S - 1,5, we can find

the values of the detachment time Td and bubble radius Rd at

detachment. We note that, for practical purposes, we can use

the solution of (18) with the same boundary conditions,

Approximate estimates of bubble detachment radii and

detachment time. Using (5), we obtain, on the basis of (18),

Sr + 3nS = 2g.I C19)

The solution of (19) with the initial conditionsS(Toi)=R(t (:)S(0) (=O

=iR( 01)I will have the form

-3n+1 . 3-1 2J 3n- - I . 3- +
, (20)

+ 3- [(4n- 1) r - gTo,.

Setting n = 0.5 in (20) and considering that T0 = T0 ', we obtain

from (15') the approximate value of the departure time Xd: rd-4,5Oo.

Thus, for n = 0.5 /73

4 1:.

Rd= CR3g 3 ;. (21)

2=C ( 22,)rd = Cp 4g 3,

where CR !.35, C = C.
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Figure 3. Bubble mot near a wall in a ideal liquid for2
g = g, $ = 1 cm/sec (a); for g = .10 g, 1 cm/secl/1/2
(b); and for g = gl, = 0.2 cm/sec / 2 (c).

If n d 0.5, the formulas for Rd and Td will have the struc-

ture of Formulas (14) and (15), i.e.,

2 - - (23)
Rd CRp - g 2-n; (23)
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I .. 1 (24)
Td =n 2-n (24)

It follows from (23) that the exponent of g in this formula may /74

vary over quite wide limits depending on the value of n; the

variation range n = 0.35 to 0.75 corresponds to variation of
-k

the exponent in the relation (Rd/Rd ) = gk in the limits k =

0.21 to 0.6.

Comparison of estimates obtained for Rd and Td with experi-

mental data. Expressions (23) and (24) were obtained for expand-

ing spheres in ideal undisturbed liquid without account for

surface tension forces. In real boiling conditions, the coeffi-

cients CR and CT may be either larger or smaller than the values

found from (23) and (24).

Let us make a rough estimate of the influence of liquid

nonideality, calculating the drag force in terms of the energy

dissipated

Fv,; 12n[RS,
(25)

where v is the kinematic viscosity,

If the solution of (19) for n = 0.5 for bubble motion in

an infinite liquid has the form

S= (26)2.5 '

then, with account for (25), we obtain

S gT (27)
2.5 + 18v/7 .

It follows from (26) and (27) that liquid nonideality can be

neglected if < V8v/ . For water 0 <0.161 cm/secl/ 2 , for oxygen

142



and diethyl ether, P« 0.11 cm/sec / 2

We see from comparison of (26) and (27) that, with decrease

of 8, the time T-d of bubble contact with the wall increases, and

consequently, the radius Rd increases. Account for surface

tension forces yields a similar effect, On the other hand, the

disturbances caused by neighboring bubble motion may reduce

bubble lifetime to TO . Short bubble lifetime Td is more probable

than long, which leads to shift of the maximum on the bubble

detachment frequency probability distribution curve in the

direction of smaller time values [12], On the basis that ,-r 4.50

we can conclude that the possible scatter of bubble detachment

time and radii

ATd -= 60%; d= 30%. (28)
STd  Rd

In view of the fact that Rd is a more stable characteristic

than Td, we shall compare the value of Rd calculated using (24)

with the experimental data.

Table 1 shows the values of CR calculated from the results

of several studies. The growth modulus B was determined from the

experimental data as B = Rde 1de In those cases when the

bubble growth time was not indicated in the studies, we took

iTd= i/fl. The average value of C from all the studies 'amountsi

to about 1.8 with maximal scatter of about ±40%, which is in

agreement with the estimate (28). Table 1 also presents the

values of the calculated radii.
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TABLE 1*

DATA ON BUBBLE DETACHMENT CHARACTERISTICS

-1]pliI c_ t Source
T d / cm> Rdr'. CR Liq., pressure Source

1,_ 10 36 0,6 09 2,' Water, 1 bar [3011
1,6 20 0,72 1,2 2,5 Ethyl alcohol, 40 bar

Film boiling 1301 1
0.35 91 0,33 0,41 1.54 Freon-12, 1 bar 1231}
0,256 61 . ' 0,117 0,21 211 Freon-12, 0.97 bar [23) 1

0.318 73 . 0,315 .0,34 . 1,67 Freon- 1 42 123'
0.296 50 0,208 0,223 2,4 Freon-113, 0.965 bar _1231]
0,3. 5_0 0,212 0,217 2,5 1 Nitrogen, 1 bar 13111
1,25 62 . 0,93 1,63 - 1.4 1 Water, 1 bar [121
0.,55 103 0,57 0,85 1,17 Ethyl alcohol, 1 bar [1211
, 0,28 _86 0,51 0,37 1,34 I Water, 4 bar [12j]

0,16 85 0,32 0,195 -1,6 . Water, 9 bar [12]
14,25 20,4 6,4 21,1 1,22) Ethyl alcohol, 0.06 bar [liIi

0,55 127 0,62 0,94 1,05 ] Ethyl alcohol, 1 bar [Il1
0,105 165 0,135 0,124 1,52 Nitrogen [321
0.15 72 _ q,129 0,118 .229 Nitrogen 132] 1
0,19 54 0,14 -0,13 2,6 Nitrogen [32]1

*[Translator's Note: Commas in numbers indicate decimal points.]

Table 2 presents the experimental and calculated values of

the detachment radii obtained under weak mass force field condi-

tions (for n = 1). The calculation was made for CR = 1.8. In

all cases, the agreement with the experimental data is within

the limits of a few percent [the applicability of (21) for low

gravity is seen from Figure 1].

Bubble detachment frequency. The bubble detachment frequency

f may be written in the form

I d (29)

The bubble detachment time Td is found from (22) or (24).. For a /75

rough estimate of the waiting time w, we use the Gane-Griffiths

relation for minimal bubble formation time (30):
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TABLE 2*1
DATA ON VAPOR BUBBLE DYNAMICS

1/Liquid ,cm/sec p al Source

Water 1,35 3 2,7 [12]
Water 0.8 1,33 1,34 [13]

Oxygen 0,235 -0. 24 -- 26- [14,15]

Diethyl ether 0.42 0,6 0,57 [151

*[Translator's Note: Commas in numbers indicate decimal points.]

. T 144 To i2
S na ( p"LAT (30)

The relative influence of Td and Ew on the magnitude of the

frequency may vary depending on the p, g, and q variation ranges.

From comparison of Td and Tw, it is easy to identify two limiting

cases.

2

.-fa = + 0.15 g ) for] g-+O, P-Pcrl (31)

f-f=.---0.022a/ P" ) 2 for] g-)o, p -- 0. (32)

It follows from (31) and (32) that the frequency is more

stable in magnitude and depends less on q for high pressures than

for low pressures; the same conclusion on stability can also be

drawn for small gravity force accelerations. For liquids such

as the cryogenics or freons, a pressure p > 1 bar can be considered

high, for water p > 10 bar is high.

Thus, in the case considered, we can use (21) and (22) to

calculate Rd and Td, taking CR = 1.8, and find the bubble

detachment frequency as f=- .
Td
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Bubble motion after detachment from heater, The nature of

bubble motion in stage III depends essentially on whether the

bubble continues to expand or retains constant volume. It was

shown previously that the presence of a resistance force for an

expanding bubble leads only to change of the magnitude of its

acceleration [see (21)] without altering the nature of the

motion. The physical meaning of this is that the lift force

increases for an expanding bubble approximately as R3 (i.e., /76

faster than the resistance force R or R2). At the same time,

the solution of (18) with account for F with R = 0 yields S +

const for T -> -, i.e., for constant volume, the bubble acquires

constant velocity.

Let us examine the drag force 129]

nR2pS2  C33)FoD = CD o2

We introduce into (17) a term expressing the drag in the form

FD = 3CDS 2/8. For sufficiently small values of K (for example,

K < 0.3), (17) will differ from (18) only in the presence of

the second term, which may be neglected if 4 < CD/24, Taking

CD z 0.6, we obtain K < 0.4, S < 1,25. Since bubble detachment

takes place for S = 1.5 R, in the case when, .after detachment

R = const, the equation of bubble motion reduces to the form

--S + -- gR = 0. (34)

The solution of this equation for the velocity S will have the

form

exp [2 ( 3 g -rd)

2 2gR .2R

exp 2 Td (35)
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where

2 2gR Sd2 .3C D

S3C Sd = (d).

The magnitude of the acceleration for sufficiently large

values of t is

S~8g exp --2 ( -3C) (36)

We shall consider the time the bubble reaches constant velocity

T to be the instant of time at which its acceleration decreasesc

by a factor of e3 , i.e., by about a factor of 20; in this case,

we obtain from (36)

3 2R 2.5(37)
TC-Td= 2e 3C9g (37)

if CD = 0.6.

The statements encountered in the literature that the bubble

acquires constant velocity immediately after detachment 112, 13,

23], are valid in the limits of the estimate (37). For example,

for liquid oxygen [14, 151, for g z 103 cm/sec 2 , R z 0.024 cm,

-3
CD = 0.6, we obtain Tc - Td z 8 10 -  sec.

The Runge-Kutta method was used on an M-20 digital computer

to solve (17), to the left side of which we added the term

3CDS2/8, accounting for liquid nonideality with. the additional

condition R = Rd, R = 0 for T > T d (Td was determined from the

condition Sd = 1.5 Rd). One of the solutions is shown in

Figure 4 for B = 0.2 cm/sec1/2 and g = 980 cm/sec /2 It is not
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1S2fOM . ,im/secl

.OJ. 'd f a I r-tio!sec 0.5 0.9 . r sec

Figure 4. Bubble motion near wall in viscous liquid with
constant value of the radius after detachment (g = g1 B =

0.2 cm/secl/ 2 ).

difficult to note the very good agreement of the time segments

T c - Td obtained from the exact solution (see Figure 3c) and

the approximate estimate (37).

Heat transfer with developed nucleate boiling. The over-

whelming majority of the known formulas describing heat transfer

intensity for developed nucleate boiling were obtained by analysis

of experimental data in dimensional criteria [8, 33, 3 4]. Most /77

of these formulas were obtained for high-boiling liquids; however,

some of them are quite general. For example, the formulas of

Kutateladze [8, 331 ,and Borishanskiy-Minchenko [34] describe

quite well boiling heat transfer of certain cryogenic liquids

[35]. The results of these studies indicate that, in evaluating

the heat transfer coefficient a for nucleate boiling, the viscos-

ity can be neglected in the first approximation. Moreover, the

formulas constructed using completely different systems of defining

criteria (for example, those including or not including g as a

parameter) yield equally good results when: evaluating a in

definite ranges of the regie parameters [33]. Hence we can

conclude that the existing semi-empirical relations for evaluating

the dependence of a on g are not applicable.
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The similarity criteria system used in such relations is

not complete, and even if the experiment and its analysis are

conducted properly, several factors influencing the process may

not be taken into account. The situation in this case differs

radically from that which is observed in many problems of free

convective heat transfer without boiling, when the dimensionless

complex containing g is determined uniquely.

In order to evaluate the dependence of a on g for developed

nucleate boiling, we shall try to obtain a formula for a on the

basis of a simple physical model, using only the information on

boiling "microstructure." If such a formula yields the correct

dependence of a on the thermal flux density q and p, then we

can be confident of the validity of the dependence on g if the

dependence on g of the basic "microcharacteristics" (Z, Rd f)

appearing in the formula is correct.

Let us examine the case of developed nucleate boiling.

We restrict the range of thermal flux densities by the following

assumptions: 1) all the heat entering the liquid from the heater

goes to vaporization; 2) the bubbles do not interact with one

another; 3) the thermal flux density is proportional to the

vaporization center density. With account for these assumptions,

we obtain

q= Rd1L"Z / (38)

It is not difficult to find from (38) the expression for the

heat transfer coefficient a = q/AT, if the dependence of Z, Rd,

and f on the physical quantities and temperature difference AT

between the heater and liquid are known (all the arguments and

derivations are made for a liquid boiling under saturation

conditions).
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Setting f = i/T d , and substituting (2), (21), C22), and

(6) into (38), we obtain

10o : ..5-on ..I 3+3h-1lOn p  10n+3nz

q= B a 3 g .3 (T,a)-"(Lp)' 3 T 3 (39)

where /78
10

B 4 3CnC" C,.B=371CRC _

Transforming (39), we find the heat transfer coefficient a

in the form

10ng 5-10n 3+3nz-I10n

B1  
' OnP3nz a IOnf+3nz -(Lp") Iono+3fn tlOn +3n,-3

a . q IO,,+3n2

" (Tpo) IO +3, gl0n+3n -C (40 )

where B, - B= \n+>z

Denoting

10ng -3n--3 - 3
r 0ona +an ' (41)

we obtain another form of (40)

\ 10no 5-10ng
3 -r)-(-r) - 1 -- 1 ,"- r) C_42)Sa (Lp

B q,.
(Tsa)nz (1-r) 3

In the limits of the selected physical boiling model (-40)

and (42) include all possible variants of connection between AT,

q, Ts and the physical quantities characteristic for boiling,

These formulas in essence include the case when the thermal flux

density q is not proportional to Z. The concrete structure of
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(40) will be determined when two of the three characteristic

numbers n,, nz, r are specified.

Let us evaluate the possible dependence of a on g using

(42). We see that the exponent r of q determines uniquely the

exponent of g. Considering that r varies in the limits r = 0.6

to 0.9, we find that a may depend on g as

9Ng-1 (43)

2 1
where 2> k > .

The experimental data can be compared with the estimate (.43)

only qualitatively. Under weak mass force field conditions, the

experimental data are contradictory and unreliable [36], however,

for horizontal heaters in the overwhelming majority of the

studies, it was found either that a was independent of g [12 -

14, 37] or a increased slightly with decrease of g [38 - 43].

Marked decrease of a with reduction of g was observed only in

[41], where boiling of water and alcohol on vertical wires was

investigated. All the cited experimental studies were made

either under conditions of brief weightlessness aboard airplanes,

in a free-fall facility, or by simulating weightlessness under

surface conditions. The accuracy of mass force field intensity

and weightlessness relaization in these experiments was in the

range of ±(1 - 3)% of the Earth's gravity force acceleration gl']

and in nearly all cases, the error was positive only.

The largest heat transfer coefficient increase in weight-

lessness (g/gl = 0.0141) was observed for water boiling on hori-

zontal wires (about 30%) [41]. Based on the above discussion,

we obtain k z (1/12 to 1/18), which does not contradict the

estimate (43).
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For comparison, we note that the Kutateladze or

Borishanskiy-Minchenko formulas, where k = -0.2, yield for the

same weightlessness realization accuracies, increase of a by a

factor of two. Such a large change of a could not remain

unnoticed in the experiments.

We shall restrict examination of the heat transfer intensity /79

question to cryogenic liquids (helium, hydrogen, nitrogen, oxygen)

with p > 1 bar. For these cases, we will have Ja < 10 - 20,

-1 6 -1
r, > 10 m (as mentioned above, these same values of Ja and

r, are characteristic for the freons with p > I bar 'and for the

high-boiling liquids with sufficiently high pressure, for example,

for water with p > 10 bar).

Using (3), (21), (22), and (7), we obtain from (40)

5 6 4 I 8

a = 0.094" i- (Tsa) , (Lp) " g i q i . C44)

Let us compare (44) with the known experimental data. We

note that disagreement between the absolute experimental and

calculated values of a still does not indicate that the theory

is incorrect. The experimental values of a may themselves differ

considerably, depending on the material and condition of the

heater surface, its geometry, and so on. For example, the heat

transfer coefficients for freon boiling may differ significantly

simply because of different heater roughness [231,

The coefficient B1 will depend on the kind of liquid,

heater surface condition, and so on, since these factors

determine the constants C and C . Moreover, the values of C

and Cz used in deriving (44) were taken from data for high
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TABLE 3*

EXPERIMENTAL AND CALCULATED VALUES OF a

a.W/m /deg
LiquidJ .bar Ts, °K .qW/m/ Ep: I Calc Source[

.. 2400' ,5350 [44]
Oxygenl 1 90 16000 4000 [45)

5000 . [35]
10300 . [46]

10 118,5 16 000, 4840. 9055 [44 1'
3300 [47],
10800 . [46]

'Nitrogenj 1' 77 20000 8200 7000
.4500 [35]

[45]
S. 10 103 20000 7640 15400 [47]

1 . 243,2 20000 960-3000 2480 [23] :

Freon-12j 18,7 343 20000 12500. . 11700 [23]
- 1 373 233000 15500 .14800 [48].

Water \ 10 453 233000 26800 32000 [48]
100 583 233 000 73500 100800 [48]

i[Translator's Note: Commas in numbers indicate decimal points,]

boiling liquids. Their values may be different for the cryogenic

liquids.

In spite of these limitations, (44) provides very good

agreement with the experimental data, even when calculating the

absolute values of a (Table 3). For flreon-12 and water, the

calculated values fall in the experimental scatter limits. For

nitrogen and oxygen with p > 1 bar, they practically coincide

with the data obtained on flat heaters 135] and lie in the

experimental scatter limits for cylindrical heaters [44 - 47].

More informative is the dependence of a on p, Table 4 shows

the ratios a(P2)/a(pj1 for helium, nitrogen, oxygen, freon-12, and

water, calculated using (44) and the known semi-empirical

relations. It is not difficult to note that (44) describes the

variation of a with p better than any of the relations examined
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TABLE 4*

HEAT TRANSFER COEFFICIENT DEPENDENCE ON PRESSURE

Helium Nitrogen Oxygen Freon-12\ Water\ Water
Authorj p,-o.sbar p,= bar P, = bar - jp' ba p, i-jbarI p o'ba

P.= bar P lbar p,- 10 bar *P''sbar P. ' obar P ' bar

Borishanskiy-Minchenko 2,0 2,2 1,6 2,6 1,4 2,55
Kutateladze 2,2 2,25 1,8 2,7 1,7 I 2,8
Labuntsov ; 1,2 1,2 I 1,4 I 1,2 | 1,4 1,65- I
Kruzhilin-Averin 1,2 1,3 1 1,2 J 1,2 .. ,5 1,5-

Kirichenko 1,6 2,2 1 1,8 4,7 2,15 ] '3,1

Experimental values l,7[49,5011 2,35147] 2,1[4411 5,7; 4,7 1,51; 1,48 2,75; 2,7
[23,51 - [52,481 [52.481

*[Translator's Note: Commas in numbers indicate decimal points.]

for the liquids in question (the only exception is water in the /80

pressure range p = 1 - 10 bar).

System of similarity criteria for developed nucleate boiling.

Applying the methods of dimensional analysis to (44), we obtain

4 (45)
Ts ( Lp"Ts II 4s= 0.094( qc 02g

The left side of (45) plays the role of a modified Nusselt

number

Nu- q AT (.46)

where the characteristic length

aAT T s1 q 7 "-AT (47)

cATi
is the product of the thermal boundary layer thickness -- and

the parametric criterion K,-= -.
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The first dimensionless complex in the right side is the

ratio of the thermal boundary layer thickness to the vapor bubble

nucleus radius

r 0 Lp"AT XTs Ts Lp"XTs
2r, T q AT qa " (48)

The second dimensionless complex is a modification of the Jakob

number (with account for the magnitude of the vapor productivity

of an individual vaporization center)

Ja =Ja2KgK = L=2?Th (149)

The general form of (45) in dimensionless variables is

K, = BIK'Ja~'Ja"', C 5 0)

where Ja= JaK,\ is still another modification of the Jakob number.

Within the framework of the adopted physical boiling model, the

similarity criteria system (50) is complete, The influence of

viscosity on boiling heat transfer can be taken into account with

the aid of the Prandtl number Pr-= -
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RADIATIVE COOLING OF BODIES OF ARBITRARY SHAPE

AND VARIABLE VOLUME IN VACUUM

V. S. Novikov and V. L. Chumakov

On the basis of joint application of the Tolubinskii integral
method and the perturbation method we construct the asymptotic
unsteady temperature distribution for a region of arbitrary
shape on the moving boundary of which there are located nonlinear
heat sinks (sources), describing radiative cooling in a medfum
with zero temperature (in a vacuum).

An integral method for solving linear phenomenological /82

transport problems on the basis of construction of the fundamental

function (Green's function) was proposed in [6, 7]. The Green's

function is assumed to be known for an infinite space and the

superposition principle is postulated. The results presented in

the cited studies are valid for a region of arbitrary shape and

either constant or variable volume.

Using as an example the third boundary value problem of

heat transport under vacuum conditions, we shall show the

possibility of joint application of the Tolubinskiy integral

method and the perturbation method for solving nonlinear heat

conduction problems for bodies of arbitrary shape with moving

boundary.

Let D be a convex region with uniform and isotropic medium

with boundary moving in accordance with an arbitrary law S(t),

on which the Stefan heat transfer law is specified
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q = aTbo (1)
a bo

where aa is the coefficient of heat transfer by radiation, Tbo

is the temperature at the boundary of the body.

In the region D there is specified an initial temperature

distribution T(P, t)/t= 0 = f(P) and a source distribution with

intensity F(P, t). We are required to determine the temperature

field at point P at the instant of time t.

Specification of the boundary thermal flux qs in accordance

with the radiative cooling law [by virtue of nonlinearity of (1)],

makes the unsteady heat transport problem essentially nonlinear,

which hinders significantly analytic study of the radiative

cooling process. Only approximate analytic methods for solving

the radiative cooling problem for bodies of simple form and

constant volume are available.

In order to construct the asymptotic unsteady temperature

distribution, we use the perturbation method, whose application

to problems with essential external nonlinearities in the boundary

conditions has been described in [3, 4]. The basis of the appli-

cation of this method is the assumption on smallness of the dis-

turbing function, considered as the difference between the

specified nonlinear heat flux at the boundary and its linear

approximation. The solution of the linearized problem is taken

as the zero approximation. In the refining recurrent system of

monotypic linear boundary value problems, the linear flux distur-

bance is considered the analog of the variable media temperatures.
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In order to approximate the nonlinear flux (1) by a linear

relation, we can use, for example, integral linearization [11.],

for which the condition of minimum of the sum of the deviations

of the approximating straight line from the specified curve in

the temperature variation range (T (2  T bo T(1)) isminimized
bo bo bo

[T-(a+bT)]dT + [T-(a + br) dT min.

2) T2)

Here T* is an intermediate point lying between T 2 ) at which

T'" r)=2 la'+ bTj~r (-) , and the point T(l) and,'isdefined by the

expression

Y2 (2)

The approximating straight line a + bT with coefficients /83

a = - 2T* (T2 + T*7 2T + 7T(2) i ;

b = - T+ T(2'T* '+ T*T2' ") + T2)' (.3)

cross the T curve at two points: T (2 ) and T*. Introducing the

perturbation parameter e (0 e .1) , we rewrite the boundary

condition (1) in the form

q =baas-- O al -  Tb o, (_4)

where the perturbation

OD[iZboL( ± Tb(5)

on the temperature variation segment (T -2) T ) is assumedbo bo

to be small in comparison with the quantity a/b, For c = 1, the

condition (4) is identical to the original nonlinear condition

(1), while for E = 0, it is linear and corresponds to the heat
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transport problem solution in the zero approximation T O (p, t),

In accordance with the usual procedure of the perturbation method,

the solution of the third boundary value problem is sought in

asymptotic expansion form 15]

T(P,t; F) To .(P, t)+ mT ( P, C6 )

We find the corrections T (P, t), (m = 1, 2, ... ) to the

zero approximation as the solutions of the correspionding system

of boundary value problems sequentially on the basis of the

integral method [6]. In the boundary value problem for Tm, the

initial conditions become uniform, the source functions are equal

to zero, and we take as the media temperatures the expressions

E==0

The integral equations for the fluxes (m = 0, 1, 2, .. ,) are

written in the form

(M, t) --baa ti-S l.(N,' 7 :r) , M, t -. T) dN+ bago+ a

.t. .' (- . .... + " • .C 8 )

q (M,t) =b c dsq (N, )G(N, M, t r)dN +b (M,t).

Here.M Iro ( , p, t), 0, ( E S (t); N [Iro:_(, p, t), 0, p1 ES (t); r = p - is the surface

motion law; P, .1P are spherical coordinates; the Green's

function G(N, M,"t, t)]for the variable-volume body is assumed to

be known, the technique for constructing the fundamental function

on the basis of the reflection principle was suggested in [6]
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SkSf(Q)G(Q,M, t, O) dQ + d F (Q,1 T) G(Q, Mt- (9)
D (0) 0 D ()

•--) dQ, QED, 7

where k = cy, c is the specific heat, y is the density. If we

examine a transport process described by a hyperbolic equation, /84

we must add in the right side of (9) the term [6]

SS[ =(~G, Pt) -o(Q, ,+ f(Q) 8G(Q P, t) dQ,.

where c is the heat transport rate. Considering that G>O\

everywhere in D, we show that, for the instant t from the interval

0<tt< to , where t0 is found from the condition

max dTS G(N, M, to dN (10)
0 S _ at

the series of sequential approximations for the expression qm

(m = 0, 1, ...) as results of solution of the integral 'equations

(8) and the series formed from the sequence q0' ql, q2 ...

converge absolutely and uniformly. The proof of convergence for

the series

q = pm. + cpm, +m+ p ... + ,m+ *.. (m=- 0, :.) ., (11)

is analogous to that presented in [1].

The following estimates hold

P, , boaTmam l au I< A, < oo, m = 1, 2, .

since by assumption

1qm I<bad4 dr S fIGdS(<Ab .(m= 1, 2, ..),
S S (T)
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where

b,1 = b nax'dr G (N, M, t-r)dN<. \.

Sequential application of these estimates leads to a

geometric progression with denominator bl < 1 which is the

majorant for the series 2jq',j.. This proves absolute and uniform I

convergence of the functional series (11) for qm 9m = 1, 2, .,,)

and similarly for q0.

We shall try to show convergence of the series formed from

qm (m = 0, 1). As a consequence of the sign-alternating nature

of the function Tm (M, t), it is necessary to study the functional

series

Iq±olI.4Il+ -- IJ+ "*.\

For convenience, we approximate the complex D(Tbo) by the linear

relation P(Tbo) = A + BTbo, so that

I ((Tb < A +- BT7 P amb C12)

Then, with account for (7), the estimates are valid

Jba I< A <A+B A

S |i'AB+BA C13)

S.... ..
&Taf'mI. AB +B bm  (mA 1 2

For B < 1, the series ba _IP,(M, 0.converges absolutely and

uniformly, since Al is independent of t in the interval,<t<t.I

By virtue of the condition (12), this series is the majorant of /85
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the series boa C ITamb(M, t) I and' consequently, the latter
m = 0

series converges absolutely and uniformly in the region (M, t).

Returning to the estimates for the series q,= Ym (m=O0, 1,...

we conclude that the series o + Qf + ... m .+ also converges

absolutely and uniformly, since, with account for the estimates

(13), absolute and uniform convergence of the series mp

(i = 0, 1, ...) holds. The expressions (8) for the fluxes with

account for the conditions (12) can be obtained from the following

relation

q (M, ) = bcrq + b a/b + eP (T01+ ba b,: (a a (14)

where L is an operator on the function q, Taking E = q, where
q

E is the unit operator, we write (14) in the form

(E - b a )q = ba af/b + eP (Tb1 I +.bg o. (15)

Expanding (15) into a series in powers of E, we obtain the

equality

q.= (E- ba)-' (boaa/b +~e(A + BTo) + e2BT, + +

+emBTm,i+ ..j+briPo), (16)

where (E - a bL) - 1 is the inverse of the operator (E - boaL).

The terms of the series in the right .side of (16), as follows

from the estimates (13), will be smaller in absolute magnitude

than the terms of a converging series with positive terms

(E - ao a)-' {A, + m I ABlIm- -B + b }

Consequently, for fixed e satisfying the condition l|1/< IB , the

series (16) converges uniformly and (16) defines the asymptotic

expression for the function q.
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Since the sought temperature as a limiting function of the

sum of a uniformly converging series of continuous functions qm

on the set (m, t) is also continuous [2], for the required value

of the parameter E = 1 and satisfaction of the condition B < 1,

we obtain the sought asymptotic temperature distribution in the

form of the expression

T(P,t)= 6SdrS4, [MM )G(MPI t ,r)dM+-
m= 0 S (T)

+ k Sif (Q) G (Q, P, t) dQS dr SSF (Q, r) G (Q,P, I - r) dQ,
D (T) 0 D (r)

since the superposition principle is valid for each of the qm

calculation problems, and on the basis of the Weierstrass theorem

on uniformly converging series [2], we can state that C17) is

the limiting value of the temperature as the integral of a definite

value of the thermal flux.

The subject problem is of interest for calculating and

designing thermal protection for space vehicles of arbitrary

geometric shape, since radiative cooling under space conditions

may be considered nonlinear thermal sinks on the vehicle surface.

Moreover, on the basis of the proposed synthesis of the integral

method and the perturbation method, even more complex problems

can be solved, for example, problems with account for temperature

dependence of the thermophsyical characteristics and nonlinear

heat transport problems encountered in space investigations.
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NONLINEAR UNSTEADY CONTACT HEAT CONDUCTION OF TWO-LAYER SHELLS

IN THE PRESENCE OF THERMAL RADIATION

V. S. Novikov and V. L. Chumakov

A technique is proposed for calculating the complex heat
transfer of mated shells with the surrounding medium which also
takes into account the temperature dependence of the contact
thermal resistance between the shells. This technique can be
used for thermal calculations and for calculations of the tempera-
ture stresses in two-layer space structure shells.

Two-layer structures find wide application in.modern power /86

generation, space,. and aircraft technology. The processes of

heating and cooling of such structures with thermal stresses are

very complex; therefore, it is usually necessary to introduce

simplifying assumptions on the nature of the heat transfer between

the individual layers and also between the structure and the

surrounding medium in order to linearize the thermoelastic

problems when calculating the stresses. For example, in [1],

the layer contact thermal resistance is considered constant in

calculating the temperatures and uhs eady thermal stresses.

However, it is well known that the contact thermal resistance

depends significantly on the external load and may decrease by

an order of magnitude with increase of the latter 12 -- 4]. Using

the results of [5], we propose a more general approach to the

problem of temperature calculation in contacting layers. This

approach makes it possible not only to account for variability

of the quantity R in the process of heating or cooling of a
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Z ta two-layer structure but also makes

-o, it possible to examine the high
,; i temperature case, when thermal

h, radiation plays a significant role

in heat transfer between a two-
2 n /

layer structure and the external

Schematic of junction of medium.
shells with intermediate
connecting layer.

We shall examine the unsteady

heat conduction problem for two-layer cylindrical (spherical)

shells with an intermediate layer which, as in [l], has zero

thermal capacity. When the shells are heated (cooled), the mag-

nitude of the contact pressure between them changes in the general

case because of the difference between the shell coefficients of

linear expansion and temperatures. As a consequence of this,

the contact pressure at the shell interface and also the thermal

resistance Rn of the intermediate layer are variable, The contact

pressure can be expressed in the usual way in terms of the

temperatures on the contacting surfaces and then, using the

results of [3, 4], we can find the nonlinear dependence of R on

these temperatures.

The unsteady heat conduction processes in the outside layers

1 and 2 (see figure) are described by the differential equations

S(.) [r=air- r  , r< r<r, O<T<oo; r3<r<r 4,
•o ar, .r (1)

where j = 1, 2 is the layer index; a. are the thermal conductivi-

ties, T is time. For k = 1, 2, the equations (1) describe the

symmetric temperature field, respectively, in a three-layer hollow

infinite cylinder and hollow sphere. We consider the following

conditions at the layer boundary and interfaces
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a, ,r = h, [tc, (,) " t (r, C)1,

- 2 (r2 , 0)at, (r, ) t, (rl T) - t2 (r., T)
Or Rn C3

where the thermal resistance of the contact (intermediate) layer,

having zero thermal capacity as in I1], is, in the general case,

a function of t1 and t 2 , i.e.,

R -R I[t (rV, (r , t2 (r3, )].

Because of the nonlinear relation (7), the condition (3)

becomes nonlinear, which makes the entire heat conduction problem

nonlinear. We can use the successive approximation method for

its solution. We first separate in (7) the cohstant part and the

part depending on tl and t2 as follows

Rn = R. + p [It, (r, r), t2 (r,, T), 8)

where Rn is the integral mean (with respect to temperatures t

and t2 ) value of the expression (7).
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In the iteration method, neglect of the function cp leads to

the basic solution of the linear prjoblem, known for the cylinder

from [1]. In order to calculate in the first approximation the

influence of the function q, the basic solution is substituted

into the boundary condition (2), in which Rn is defined by the

expression (8) (in this case, Rn is a function of time) and then

we again find the solution of the system of equations Cl) - (6),

We shall describe the application of the perturbation (small

parameter) method, which is somewhat more general in comparison

ith the iteration method, If the Rn variation law in 7)

depends significantly on t., representation of Rn in the form

of the expression (8), in which the cpapproximation error is

considered the perturbing function, makes it possible to reduce

the nonlinear problem to one with unessential nonlinearity,

We introduce the parameter w into (8) in the form of a

multiplier of the function cp and represent the sought tempera-

tures t. in the form of series in powers of w

t (r, ], = mt m(r,'T), j = 1, 2, (9)
m=Q

where the functions tm are to be determined, We substitute (9)
3

into (1) - (6) and consider the representation (8). Since these

equations are valid for any m, after some transformations, we

obtain the system of boundary value problems for the bodies in

question, in which, for the zero approximation t , the equations

are identical to (1) - (6). Their solution in the multilayer

cylinder case is the solution presented in [11i for R = R
n n

The system of boundary value problems for finding the

corrections tm) to the m-t h approximations m (m = 1, 2, ,,.), is

written in the following form
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aOm) (r, V) a at 8 m) (r,) )
at a rk r (= 1, 2; k = 1,'2); (10)

/88

at!" (r, ) 11)

-2nrshm= t r, T)- tm' (r.,1); C12)

)(r, ) (r r)  at m) r (1r)
Z O r _8 ')

dr + htm' (r., r) = 0; 14)

t m) (r, 0) t m' (r, 0) == (, C15)

where

Om ( t( ) tt(t) ,

m ar , - ar . , m-l (m 1)1

,iat . R ,.(16)
(. m- .

In those cases when R , it is sufficient to consider

only the first corrections l to 0),j= 1, 2. Then the condition I

(12) takes the form

-2r 2 2  a)o, <p (t0 A - (r, T) - t 2 ) r 2, -), -173
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where the term
at&1 )(r, ,r) (0)I
.-r (t °), = 1,2,

as a function of time is known from the basic solution I :

For solution of the monotypic sequence of boundary value

problems (10) - (15), we can use the highly developed mathe-

matical apparatus for solution of linear problems (for example,

the operator method used in [l]),

Since for w = 1, (8) reproduces the relation (7) exactly,

the final values of the temperature t. (j = 1, 2) are obtained

from the representation (9), taken for w = 1.

In order to determine the unsteady thermoelastic stresses

which arise in the layers of the system, we use the results

presented in ll], where the temperature is substituted in the

form of the sum (9) with the first few terms,

The subject problem (1) - (6) can be extended to the case

of high temperature levels such that radiative heat transfer

begins to play a significant role. Then, in place of the linear

conditions (2) and (5), we consider the nonlinear conditions

- h ftt (r (r, = )] + a i - 4 (r, t, 18

2 0 (r4, T -

h2It, -12 (r,, .)] + a2 - t(r4, )]. C19)

The presence in clonditions (18) and (19) of the difference

of the fourth powers of the ambient and sought temperatures makes

them very nonlinear. The use here of the exact analytic calcu-

lation methods is ineffective, since these methods are limited to

the basic class of linear problems. This makes it necessary to

develop adequately strong approximate methods.
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In order to solve the problem with the conditions C18) and

(19) (in the general formulation), we first linearize these

conditions so that the neglected nonlinearities in the basic

solution are small or, in other words, so that the linearized

(unperturbed) solution, which plays the role of the basic

solution, describes sufficiently well the true solution of the

system. In this case, we can also use the perturbation method, /8

introducing the linearizing parameter q, To this end, we write

the conditions (18) and (.19) in the form

ati (rl,4  ) - r = HIl[tc + o i1- t(r 4 )], j= 1, 2, , (20)

where

l=c.(p+ t tq3+); P - W
q [t3.- t. - q1 (t, - tl)]

i 1i=- ii .

H I,

q t- (t 2 t + tit
2 + t3) dt.

Here the disturbance olP; with the disturbance parameter w

is small in comparison with tcil , which permits obtaining step-by-

step an exact or at least approximate solution of the problem

with perturbed boundary conditions (20).

The functions TY(m)(m=1,2,..)j are considered variable ambient

temperatures and are found from the expression

d [) o-m'r'(o) "-C21

For cp= 0, it is sufficient in practice to use only the first

approximation. The function

S I c, 22);Yi (1) = -  ( 2 2 )
p+t+q7
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is approximated well.by an exponential relation, for which we can

use the solution of [1].

The larger the convective heat transfer transport fraction

in the overall heat exchange (P>0), the smaller the contribuJ

tion to the basic solution of account for nonlinearities in the

boundary conditions of the subsequent approximations,

With introduction of the perturbation parameter a as a

multiplier of the nonlinear complexes Tj and cp, we actually

adopted an approach reminiscent of the "comparison" technique,

which is used to solve ordinary differential equations 16] and

to solve nonlinear oscillatory systems [7]. We used, as the

simple comparison boundary value problem, the problem with w = 0,

which has'a known solution differing only slightly for small w

from the sought solution of the nonlinear problem. Preliminary

linearization of the boundary conditions was necessary in order

to reduce the influence of the initial nonlinearity on the problem

solution, since we were interested in the final solution of the

nonlinear problem corresponding to the parameter w equal to unity.

When seeking the solution in series form (9), the quantity w is

necessary only in order to know which coefficients must be

compared with one another. When solving the recurrent system

of equations (11) - (15) with,:the boundary conditions (20)

relating t ) 
m,j=1,2,, it may be found that for certain pl

dependences, the series (9) will converge only for w < 1. In

this case, using the analytic continuation methods, we can

convert from values of w < 1 to the value w = 1 (for example, by

re-expansion of the series in terms of w [8]). The accuracy of

the solutions obtained can be evaluated by studying the solutions

themselves.
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CALCULATION OF THE HYDRODYNAMIC AND HEAT TRANSFER PROCESSES

OCCURRING DURING FILLING, PRESSURIZING, AND

EMPTYING OF CRYOGENIC VESSELS

I. S. Zhitomirskiy and V. I. Pestryakov

A method is proposed for calculating the heat transfer and
hydrodynamic processes taking place during pressurization and
pressure transfer of cryogenic fluids and filling of vessels
with these fluids. It is assumed that the liquid and gas flow
in the vessel takes place with velocities considerably less than
the speed of sound. The finite difference method is used to
solve the governing system of nonlinear partial differential
equations. Programs in ALGOL-60 language are developed which can
be used to calculate these processes on a digital computer.
The results of some calculations are presented in comparison with
experimental data.

The development of technology and particularly space /90

exploration has posed new problems for cryogenics. A large

number of cryogenic liquids are required, the questions of

storage and transportations of these liquids have become very

important, as have the associated problems of vessel precooling

and filling.

One of the liquid transfer tehcniques is pressure transfer.

This technique involves creating a differential pressure in the

gas cushion in the vessel above the liquid, which permits over-

coming the hydraulic resistance of the system of connecting lines
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and forcing the liquid from one vessel into another. When

storing a liquid pressurization is often required, i.e., it is

necessary to increase the pressure in the vessel and maintain

this pressure at a definite level. Filling of vessels with.

liquid is also a quite complex problem, since the vessel wall

temperature at the initial moment is much higher than the

boiling point of the liquid, which leads to considerable inten-

sification of the heat transfer processes inside the vessel.

There is a single common characteristic feature of all

these processes. This is the fact that it is necessary to deal

with a symmetric gaseous volume, variable in time, bounded by

the walls on the sides and by a horizontal plane below -- the

liquid surface. Gas is either fed into this volume or removed

from it and this gas, during its motion, interacts with the

walls, giving up heat to the walls or taking heat from the

walls. The gas inflow and outflow is accomplished differently in

each of the processes.

In the pressure transport (or pressurization) case, the gas

enters the vessel at the top from external systems, Evaporation

or condensation may take place at the liquid surface and, depend-

ing on this, gas must be either supplied to or removed from the

space in order to maintain the specified pressure variation

regime. In addition, the gas may condense on the cold walls

of the vessel and thus be removed from the space. During

filling of the vessel with liquid, gas enters the gas space

from below from the direction of the liquid surface as a result

of boiling and is discharged through the vent system,

In designing liquid transporting and storing systems, it

is very important to be able to predict in advance what amount

of gas is necessary to carry out the pressurization or pressure

transfer process while providing the specified pressure regime in
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the vessel: what is the optimaltemperature of the incoming

gas; what are the temperature gradients and consequently the

stresses which arise in the walls of vessels being emptied or

filled with cryogenic liquid for a given process rate; is a /91

given filling rate possible for a given venting system handling

capacity; what are the liquid losses in evaporation during filling

and what time is necessary for filling the vessels; what amount

of gas is required for precooling of the vessel prior to filling

and how efficient is the particular filling procedure, In order

to answer these questions, it is necessary to be able to calcu-

late the heat transfer and hydrodynamics processes taking place

in the vessels.

Many experimental and theoretical investigations have been

made to study the above-mentioned processes, On the basis of

experimental studies (see, for example, the survey of Clark 11]),

we can draw the following conclusions:

1. The heat transfer from the gas to the vessel walls is

described quite well by the natural convection laws. Some

intensification of the heat transfer process takes place in the

inlet diffuser region in the upper part of the vessel during

pressurization and pressure transfer and in the interface region

during filling of the vessel with the liquid,

2. With accuracy adequate for calculations, the interface

temperature is equal to the saturation temperature corresponding

to the pressure in the vessel. For not too rapid pressure

changes, the lag in the temperature change is small.

3. Both condensation and evaporation may take place at

the gas-liquid interface. The intensity of these transformations

increases when entering gas stream disturbs the interface, which

leads to agitation of the surface layer of the liquid,

180



4. During emptying of the vessel, the wall segments being

uncovered may have a temperature below the saturation temperature

and in this case, gas condensation will take place on the walls,

5. During vessel filling,liquid boiling takes place in

regimes corresponding to the entire boiling curve.

In the investigations, considerable attention was devoted

to theoretical analysis of the pressure transfer and pressuriza-

tion processes and the phenomena taking place at the interface

[1]. Considerably fewer studies have been made of the vessel

filling processes [2, 3, 6].

The present article is a continuation of the series of

studies made at FTINT AS UkSSR [3,- 6]. In these studies, as

in [11, 12], the gas and liquid temperature, velocity, and

pressure and wall temperature are investigated within the frame-

work of the one-dimensional model. A generalization is made of

the previously obtained computational schemes and a more detailed

examination is made of the questions associated with condensation

on the wall and with determining the unsteady thermal influx to

the wall through the insulation.

The one-dimensional treatment., in which for all the gas

flow and bounding wall parameters we can consider the dependence

only on a single space coordinate, which we denote by x(O<x< l ,

and averaging is performed with respect to the remaining coor-

dinates, is applicable to a greater or lesser degree in examining

the described problems.

If, as a result of heat exchange with the walls, the gas

temperature and density vary significantly along the flow, and

if it is also necessary to take into account gas conductivity
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and thermal and friction losses during gas flow, we must use the

system of nonlinear mass, energy, and momentum conservation

equations to determine the flow parameters as functions of time

t and the coordinate x

Fat = (puF) - J; (1)

F-iP,_ -[Fup(e +--- F, -Tl(P.\ PFQ (2)

. (pu) = .a puu.u (.3)

and the equations of state /92

. p=p(p,T); e=e(p,T).

Here F is the channel cross section area; p is the density

of the gas; u is velocity; e is the specific internal energy of

the gas; X is the thermal conductivity of the gas; is the

hydraulic resistance coefficient; d is the hydraulic diameter,

Moreover, we need an additional relation determining the

heat influx Q to the gas from the channel wall and the change

of the mass flow rate J as a result of condensation on the wall,

both referred to unit channel length. The system Cl) - C4) is

supplemented by the initial and boundary conditions

T(x, 0) =f-(x); p(x, 0) = (p(x); u(x, 0)= (x); 5)

, , p , '- - ( 6)
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F, (T-,p ) =0;

o (P, u, T) x=o O; (8)

01 (p, u, T) 1x = 0.

In the general case, major difficulties arise in solving

this system of equations, but in many cases, we can identify a

considerable class of gas flows - "slow" flows -- whose descrip-

tion and consequently, solution can be simplified significantly.

It can be shown [6] that, if the flow is characterized by

velocities considerably less than the speed of sound (M«1),

and the accelerations in the flow are not large, the pressure

change along the coordinate x in such flows can be neglected

and we can consider the pressure p as a function of time only:

p = p(t). Since, in this case, the number of unknown functions

which depend on the two variables (x, t) decreases by one,';the

system (1) - (9) becomes overdetermined.

The analysis performed in [6] made it possible to conclude

that the equation of motion for low Mach numbers is nearly

identically degenerate and may be excluded from consideration.

The differential order with respect to the variable x for the

remaining system of equations (1), (2), (4), makes it necessary

to specify three boundary conditions. However, the presence of

the unknown function p(t) leads to the necessity for specifying

still another constraint which is satisfidd at every instant of

time. The conditions (6) - (9) provide the required number of

constraints :for the considered problem formulation, However, if

the function p(t) is known (specifically, p = const), one of the
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conditions (8) or (9) becomes superfluous, It should be noted

that, in connection with exclusion of (3), the necessity for

specifying the initial velocity distribution disappears,

If we examine gas flow in a channel with the walls of which

the gas exchanges heat, the term Q in (2), describing convective

heat exchange between the gas and the wall, has the form

Q= aP(Tw-T), (10)

where a is the coefficient of heat transfer from the gas to the

wall; P is the channel cross section perimeter; Tw is the wall

temperature; T is the gas temperature,

In this case, we must add to the system (1), (2), C4) the

equation of energy conservation in an element of the wall,

If the temperature variation through the thickness of the

wall can be neglected, this equation may be written.in the form

pccFw. a Fw)+ P(T -T+qPp, (11)

where q is the specific thermal flux to the outer surface. of the /93

wall element through the thermal insulation of the vessel; c is

the specific heat of the wall material; Fw is the wall cross

section area; s is the arc length of the vessel wall middle

surface, measured along the meridian,

If the vessel has the form of a circular cylinder with

vertical generator, the coordinate s coincides with the coordinate

x. If the vessel is spherical, measuring s from the pole we have

x R(1 -
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R is the radius of the sphere, F = 2 wrow, F -=2nraw P =2nr; r=JV2Rx-x2

and (11) becomes

at R2 ax xw r + aw(T - ,)w+ q (12)

When introducing the equation Cl.), it is necessary to

specify the initial condition

Tw(x, 0) = f (x) (13)

and two boundary conditions which define the heat transfer at

the ends of the wall

cP (T wiT , Tq == ; i14)

WI Tw-4 4, T, q) =0. =L 115)

For complete determinancy of the posed problem, we must know in

(11) the magnitude of the heat influx through the insulation to

the outer surface of the wall.

Let us examine some simplified computational.models for

cases of evacuated-powder and "evacuated-multilayer insulation

of a cryogenic vessel. In the case of the evacuated-powder

insulation, which is an isotropic body, in view of the fact that

the temperature gradient along the wall height is considerably

less than the gradients through the insulation thickness, heat

transfer in the insulation in the direction along the wall can

be neglected.

We denote by y the coordinate directed across the insulation

(Figure 1), so that y = 0 corresponds to the outer surface of

the vessel wall and y = Z11 corresponds to the outer surface of
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the insulation. Then we have, for

. the insulation temperature T i

STi(x, y, t)

I .. ( 6, OT

/I  1. I the boundary conditions
rl 7

Figure 1. Computational A OTil = (Ta -T forY=, 1 (17)
scheme of insulation layer iy -

on cryogenic vessel.

1- wall; 2- thermal
insulation; 3- liquid; T. T (x,t) forly=0 (18)
4- gas. I

and the initial condition

(19)
Ti =To(Y) ,forltt O.

Here ci, pi, and Xi are, respectively, the specific heat,

density, and thermal conductivity of the insulation; Ta is the

ambient temperature.

The boundary condition (18) contains the coordinate x as

a parameter. Thus, in order to determine the heat influx to

the vessel wall

q(x, t) = - ii (20)

it is necessary to solve the one-parameter set (0 x<l)< of one-

dimensional unsteady heat conduction problems (16) - (19).

Since the quantity Tw(x, t) in the .condition (18) is not

known in advance, all these heat conduction problems must,

strictly speaking, be solved together with the system (1), (2), /94
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(4) - (15). However, for economy of both computer memory and

computer time, it is advisable to utilize an approximate splitting

of these problems. To this end, we first solve the problems

(16) - (19), replacing the condition (18) by the condition

T (Tb() fory=O, C18')

where Tb(t) is a specified family of time-dependent functions

which depends on the parameter b,

The functions Tb(t) are selected so that the nature of the

functions T w(x, t), considered as functions of time for different

fixed values of x, is reproduced as closely as possible.

For each value of the parameter b, we calculate the heat

flux qb(t) using a formula analogous to (20). Excluding the

parameters b and t from the relations q qb,(t), T Tb ),- T; (t)

we obtain the function ,q qT, , which can be substituted

into (11) as the approximate value of the heat influx from the

insulation. Satisfactory accuracy can be obtained, for example,

by selecting as the family Tb(t) the values Tb(t) = Tw(Cb, t)

obtained from solution of problem (1), (2), (4), (5) for q = 0,

Another common insulation is the evacuated-multilayer type,

in which the heat conduction along the layers'is considerably

greater than in the transverse direction. For example, the

thermal conductivity of evacuated-barrier insulation along the

layer, depending on the pressure in the insulation, is higher

than the conductivity in the transverse direction by 10 -- 10

times [7]. This implies that, in this case, the insulation

temperature varies significantly along the x coordinate only in

a thin layer immediately.adjacent to the vessel wall. Specifying
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the thickness 6i of this layer and neglecting the heat capacity

of the insulation mass enclosed in this layer, we obtain from

the heat balance condition at the layer surface the relation

L

-=o  -io w/1 2

which replaces the boundary condition (18) in the previously

examined problem for the evaucated-powder insulation, The

problem (16), (17), (18"), (19) can be solved together with.

(1), (2), (4) - (9), (11), (13) - (15).

The following technique is used in constructing the algorithm

for solving the system (1), (2), (4), (5) - (9). If we assume

that (8) and (9) can be solved for the velocities in the bounding

sections, then using the equation of state p=p(p,T)J and the two

boundary conditions (8) and (9), after integrating the left and

right sides of (1) with respect to the coordinate in the limits

0 - , we obtain a relation which is convenient for calculating

the pressure p(t) [5]

(puF)=o - (puF)x t - -[-F (p- P dT ]
dp

Since it is not possible in the general case to obtain an

exact solution of this problem, a numerical solution method was

developed using the finite difference apparatus. The considered

interval of the x axis was broken down into N elements with step

equal to h. The finite step T was taken with respect to time.

For each moment of time t = ks, k =0, 1 ,2,....MI , we sought the value

of the unknown functions at each point of the region xm = mh,

m = 0, 1, 2, ... , N. We introduce the notations for the arbitrary

function y(x, t)
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y. y (x, t, + r); y y (x., t, -); Y Y 2x+ ,

YY =' yx -, t;(XM , )

Y, = (y- )/; yi = (Y- /)95
, = (y (xm + h) - y (x))/h; y; = (y (x) - y (xh h))Ih.

We replace the relations (1), (2), (11), (8), (9) by differences

and consider (21) an ordinary differential equation in the

pressure p(t), whose right side depends on the values of the

functions on the difference grid appearing therein

where .,j4 T forU>0 1
T T^, (

.F Fp\. , O pi -O

where

(Up>= - Fp+ ,J 2 5 )
p = p(p, 0).

difference relations. The resulting system (22) - (25) with

the boundary conditions represented in difference form is solved
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as follows. Having the values of all the variables on the kth

time layer, we find from (22) by the "marching" method, the

th
temperature distribution in the gas at the (k + i)l- layer,

Here we use the wall temperatures, gas density and velocity, and

time derivative of the pressure taken from the kt h layer,

Using the calculated gas temperatures, we find from (23)

th
the temperature distribution in the wall at the Ck + 1)- layer,

Equation (24) is considered an ordinary differential

equation in the unknown function p(t) with use of the gas and

th
wall temepratures calculated at the (k + 1)-- layer, The solution

of this equation on the time interval (tk, tk + 1) is sought by

the Runge-Kutta method with time step T/j, where j is an integer.

The necessity for using a more exact method with smaller

time step for solving (24) is associated with the fact that the

characteristic time scale for the processes which determine the

pressure variation (basically the variation of the discharge

characteristics at the boundary) is considerably shorter than

the characteristic heat transfer process scale,

After determining the pressure, we find from (.25) the

velocity distribution at the (k + 1)-~- layer.

As an example of application of the described method, we

consider the process of filling a vessel with a cryogenic liquid,

characterized by the fact that the vessel wall temperature is

considerably higher than the temperature of the incoming liquid.

Therefore, the liquid boils intensely as it enters the vessel,

The resulting vapor cools the vessel walls and the liquid gradually
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fills the vessel and completes the wall cooling process, We

assume that, as a result of intense agitation the liquid /96

temperature is the same throughout the volume and equal to the

boiling temperature corresponding to the pressure in the vessel.

In accounting for heat transfer, the heat transfer coeffi-

cients were introduced into the calculation as follows, For the

heat transfer from the gas to the wall, we took as the basis

the relation for free turbulent convection at a vertical wall 19],

The heat transfer coefficient calculated from this relation was

multiplied by a correction factor varying linearly from two in

the interface region to one at the top of the vessel, The heat

transfer coefficients for liquid boiling were calculated using

the Kutateladze relation for nucleate boiling and using the

Breen-Westwater relation [10] for film boiling, In the transient

regime zone, the heat transfer coefficient was calculated on

the basis of the assumption that the logarithm of the heat flux

density in this zone varies linearly as a function of the logarithm

of the difference between the wall temperature and the saturation

temperature.

The formulation of the boundary conditions (6) -- (9)

corresponding to this problem can be found in [6],

We shall present the results of calculation of the process

of filling an experimental vessel with liquid nitrogen with flow

rate 260 liters/hour. Figure 2 shows the curves obtained as a

result of calculation of the temperature variation at five wall

points located at different levels and at points located in the

gas region at the same levels, and also the corresponding experi-o>

mental data obtained at the State Institute of Applied Chemistry.

Figure 2a shows the calculated liquid level variation as a

function of time in comparison with the experimental results,
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11; The numbers correspond to the

0, vessel sections (solid curves are

d0 \I computed values, points are

oVJ -12c - experimental data).

ial The liquid losses in evapora-

tion during filling amounted to

6.69 kg according to the calcula-

tion, which differs by 3% from

if K ' the experimental result.

0 3 6 ' b12 - 1:min

Let us examine application

Figure 2. Temperature of the proposed model to calcula-
variation in vessel wallva riati on in vessel wall tion of the process of cryogenic
(a) and gas region (b)
when filling with liquid liquid pressure transfer from a
nitrogen. vessel. As indicated above, the

pressure transfer process consists in creating above the surface

of the liquid in the vessel a differential pressure which acts

on the liquid as a piston, forcing the liquid from the vessel.

A particular case of this process is pressurization, when the

liquid is not removed from the vessel but the differential

pressure obtained in the vessel at the initial moment is main-

tained for a definite time interval,

Usually we are required to determine either the gas flow

rate necessary to maintain the pressure in the given regime or

for a specified flow rate (or for given connection between flow

rate and pressure) of the gas supplied to the vessel determine

the pressure in the vessel as a function of time. In either

case, we can consider that the incoming gas temperature is known,

As the gas enters the vessel, it exchanges heat with the

walls, to the outer surface of which heat is applied from the

surrounding medium through the insulation.
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We assume that, as the pressure in the vessel changes, a

temperature equal to the saturation temperature corresponding to

this pressure is established instantaneously at the gas-liquid

interface. Therefore, phase transformations may take place at

the interface. The direction of these processes (ie., whether /97

the gas condenses or the liquid evaporates) depends on the rela-

tionship between the thermal flux supplied to the interface

through the gas space and the thermal flux removed into the

liquid.

We assume that, during the pressure transfer time, the

liquid does not boil, since the pressure increase in the vessel

leads to a situation in which the liquid is overcooled in rela-

tion to the saturation temperature corresponding to this pressure,

If the wall temperature becomes lower than the saturation temper-

ature corresponding to the pressure in the vessel, gas condensa-,

tion may take place at the wall. In this case, the corresponding

wall segment is covered by a draining liquid film. Here we shall

consider that the heat released during condensation is all

absorbed by the wall and the gas yields heat to the film

convectively.

Under pressure transfer conditions, the condensing vapor

may be superheated and the relations describing heat transfer

during condensation of saturated vapor may yield a large error.

Knowing the condensate film thickness, we can calculate the

heat transfer and, at the same time, the mass removal J. In

the following, we assume the generalized Nusselt model [8],

describing superheated vapor condensation on a vertical wall,

Taking the basic assumptions of the Nusselt model but

considering the thermal flux supplied from the vapor to the

film, for description of the process of film flow on the vertical
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wall, we can write the equations of momentum," energy, and mass

conservation, directing the x axis vertically downward and the

y axis along the normal to the wall

d _ O; C2 6 )

d 2 O 0 ; C 2 7 )

d(pZv6) = ;
dx

mr= .(T-T) (T T).

Here w is the flow velocity in the condensate film; w is its

average value; 0 is the temperature in the condensate film' T

is the saturation temperature; r is the heat of vaporization;

i is the mass flow rate in phase transformations.

After suitable transformations, the film thickness 6Cx) may

be determined from the equation

-- = a(x) 6 + b (x), (3 0 )

where

a(x) = 2 (T - T,); b(x) -Z'r (T w-T,)
rp - rp2g w

Generally speaking, the solution of (30) does not reduce to

quadratures, In the numerical solution of this equation,

complications may arise associated with the fact that the point

(0, 0) for (30) is singular (the coefficient of the derivative
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vanishes - the initial conditions are specified at the point

x = 0, at which T = T and it is assumed that 6(0) = 0).
w s

Analysis of the problem shows that (30) has two solutions

passing through the singular point. One of them has an infinite

derivative at zero and must be discarded, since it leads to

negative film thickness values.

The second solution has a finite derivative and for small /98

values of 5 may be written in the form

6 8 F (E) - [F' (0)1' l (31)

where

b IX ()1
= d (x) dx; J() = d[x()]

0

We shall solve (30), taking as the initial thickness its

value calculated using (31), and then apply the finite difference

method. This model is applied to the pressure transfer process

as follows.

Solving (30) together with (1), (2), (4) -- (15), we find

the coefficient of heat transfer to the wall in the condensation

zone con = 1/6 and at the same time, we find the specific mass

removal from the gas region

j= l/6(Ts Tfk (TTs) 32)
r (32)

The calculation sequence is as follows: at each time step, we

determine the zone where the wall temperature Tw is below the

saturation temperature Ts . We use (31) to find the initial film

thickness a0. The space step h [in (22) - (25)] is broken down

into L parts and the film thickness at the nodes of the basic
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,M .grid on the condensation segment
3000

It=5rsece .t=sc, is found by the "predictor-
2000 __> If_,Calc.

corrector" finite-difference

1oo / 203 1 , method with step h/L. After this,

2 4 we find con and J. Formulation24_ con

/00 200 0 oo00 72. of the initial and boundary

a b conditions is made on the basis of

Figure 3. Temperature the assumptions presented above
distribution in gas (a) and and is described in [6],wall (b) in the case of
pressure transfer of liquid
hydrogen from a vessel. As an example, we present the

results of calculation of the process of liquid hydrogen pressure

transfer by gaseous hydrogen from a vessel having the form of a

vertical cylinder of diameter 0,8 meters and height 2.85 meters,

The vessel material is the AZ5G aluminum alloy, the wall thick-

ness is 0.001 meter. The experiment was described in [12].

The calculation is compared with the data of experiment No. 11

of [12]. The initial temperature distribution in the gas and

wall was not indicated in the description of the experiment,

The gas temperature at the entrance to the vessel varied in

quite wide limits. The temperature variation law is not known.

The liquid flow rate also varied during the pressure transfer

process. As the initial values in the calculation, we took

uniform temperatures of 35 and 20.410 K in the gas and the wall,

respectively.

The gas temperature at the entrance was considered to be

constant and equal to 1160 K, which is the average value of

the three entrance temperature values indicated on the experi-

mental curves.
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Figure 3 shows curves of the temperature distribution in

the gas and wall at 50, 150, and 214 seconds after process

initiation from the experimental (dashed lines) and calculated

(solid lines) data. In spite of the indeterminacy noted above

in the initial values, the comparison results are quite

acceptable.

On the basis of this discussion, we can draw the following

conclusions.

The subject technique for calculating the processes of

pressurization, pressure transfer, and filling of a vessel with

a cryogenic liquid is quite satisfactory, as indicated by compar-

ison of the calculated and experimental data, The method may

be used to calculate the hydrodynamic and heattransfer processes

in the case of concurrent separate flow of cryogenic liquid and

vapor when the flow velocity is significantly lower than the

speed of sound. Of significant importance in the calculation is /99

the choice of the relations describing the heat transfer processes

with boiling of the liquid and gas interaction with the wall.

Therefore, refinement *of these relations for specific processes

in order to compare the calculated and experimental data i's very

important, and the conduct of special calculations of two-

dimensional (axisymmetric) models from which we can find the heat

transfer coefficients directly is also urgent,
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